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One of the main obstacles to obtaining further information about 
substance P has been the difficulty of preparing it free from other 
pharmacologically active substances such as histamine [Barger and 
Dale, 1911], and adenosine compounds [Bennet and Drury, 1931]. 
The work described below represents an attempt to overcome this ob- 
stacle. Methods of removing choline and choline esters have not been 
studied. There is evidence that both choline [v. Fiirth and Schwarz, 
1908], and acetylcholine [Chang and Gaddum, 1933] may be present in 
extracts of intestine, but in the experiments described below their effects 
were excluded by the use of atropine. 

The main conclusions that Euler and Gaddum reached as to the 
properties of substance P have been confirmed. It is readily dialysable, 
and soluble in absolute alcohol. It is stable in weak acid solution, but is 
rapidly destroyed by strong acid or alkali. Euler and Gaddum be- 
lieved that a stimulant action, which their extracts had, on an atropin- 
ized piece of rabbit’s intestine, was also due to substance P. There is no 
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DEPRESSOR SUBSTANCES IN EXTRACTS 
OF INTESTINE. 


By J. H. GADDUM anp H. SCHILD. 
(From the National Institute for Medical Research, London, N.W. 3.) 


(Received July 9, 1934.) 


INTRODUCTION. 


Extracts of various tissues produce a fall of blood-pressure in atropinized 
rabbits ansesthetized with ether. It has frequently been pointed out 
that this effect cannot be due to histamine or choline since, under these 
conditions, neither substance produces this effect. The effect is probably 
due, in many cases, to adenosine compounds, but extracts of intestine 
and brain contain some other vaso-dilator substance of unknown con- 
stitution [Euler and Gaddum, 1931]. This unidentified substance has 
been known in the laboratory for some time as substance P, and will be 
referred to under this name. 

One of the main obstacles to obtaining further information about 
substance P has been the difficulty of preparing it free from other 
pharmacologically active substances such as histamine [Barger and 
Dale, 1911], and adenosine compounds [Bennet and Drury, 1931]. 
The work described below represents an attempt to overcome this ob- 
stacle. Methods of removing choline and choline esters have not been 
studied. There is evidence that both choline [v. Fiirth and Schwarz, 
1908], and acetylcholine [Chang and Gaddum, 1933] may be present in 
extracts of intestine, but in the experiments described below their effects 
were excluded by the use of atropine. 

The main conclusions that Euler and Gaddum reached as to the 
properties of substance P have been confirmed. It is readily dialysable, 
and soluble in absolute alcohol. It is stable in weak acid solution, but is 
rapidly destroyed by strong acid or alkali. Euler and Gaddum be- 
lieved that a stimulant action, which their extracts had, on an atropin- 
ized piece of rabbit’s intestine, was also due to substance P. There is no 
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real reason to doubt this conclusion, and experiments with pieces of in- 
testine have sometimes been used to confirm the conclusions reached as 
a result of experiments on the blood-pressure. 

Eulerand Gaddum described a method of obtaining a dry prepara-— 

tion of substance P by adding sulphuric acid to a solution in absolute 
alcohol. We have confirmed the fact that substance P can be precipitated 
in this way, but the precipitation is not quantitative. A large and variable 
proportion of the activity remains in solution, and there is no justifica- 
tion for using the potency of extracts prepared in this way as a measure 
of the original concentrations of substance P in extracts (cf. Zipf and 
Brakling, 1933]. 
Euler [1934] has recently demonstrated that human semen and ex- 
tracts of the prostate glands of various animals have pharmacological 
actions which are apparently due to substance P, Working with such 
material, he has reached conclusions regarding the properties of substance 
P which are identical with some of those reached below. He has found 
that it is carried by an electric current towards the cathode, and that it 
is not destroyed by nitrites. This agreement between results obtained 
independently, with material obtained from different organs, strengthens 
the view that both organs contain the same active principle. 


METHODS. 


_ Most of our conclusions depend on the study of the effect of the ex- 
tracts on the blood-pressure of the cat, or of the rabbit. In either case 
the animal was anesthetized with ether, and the vagi were cut. The 
blood-pressure was recorded with a mercury manometer, and the ex- 
tracts were injected intravenously, and washed in with saline (2 c.c.). 
In order to exclude effects due to choline or acetylcholine, atropine 
(2-5 mg.) was injected subcutaneously at the beginning of the experi- 
ment, and the fact that the atropinization was effective was shown by 
the observation that the injection of acetylcholine (2 y) caused no fall 
of blood-pressure. Under these conditions it was usually found that the 
atropinization was effective for at least an hour, but acetylcholine was 
injected at frequent intervals, and if this injection was found to cause a 
fall of blood-pressure a further dose of atropine was injected subcutane- 
ously, and any conclusions which had been drawn in the period during 
which the atropinization was not known to have been effective were 
viewed with suspicion. 

The methods used in experiments on cats call for no further comment, 
but we have had some difficulty in obtaining good results with rabbits, 
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and it is probably worth recording the conditions under which the results 
were found to be satisfactory. In the best experiments we used small 
male Dutch rabbits weighing between 1 and 1-5 kgm. Injections were 
made in the external jugular vein. Since the saturated sodium sulphate 
solution which was used to fill the arterial cannula in experiments on 
cats seemed to have a particularly bad effect on the rabbits, we have 
used Ringer’s solution in the cannula and have injected an anticoagulant 
into the rabbit in order to prevent the occlusion of the cannula by clots. 
In most cases the anticoagulant was chlorazol sky blue, but in later ex- _ 
periments more satisfactory results were obtained with chlorazol fast 
pink. This dye, the use of which has been recommended by Huggett 
and Rowe [1933], was dissolved in water in a concentration of 8 p.c. 
0-5-1-0 c.c. of this solution was injected intravenously at the beginning 
of the experiment and the injection was repeated at intervals of about an 
hour. 

The sensitivity of rabbits prepared in this way, to the depressor 
action of extracts of intestine, was found to vary considerably. In some 
rabbits a quantity of extract corresponding to 10 mg. of the original 
tissue produced a fairly large response. In other rabbits it was necessary 
to use ten or twenty times this dose. 

The crude extracts which formed the starting point of most of the 
experiments were obtained from the muscular wall of the small intestine 
of horses. The mucous membrane was scraped off, the tissue was minced 
and dropped into 96 p.c. ethyl alcohol (3 or 4 c.c. for each g. of tissue). 
1 c.c. of 2N H,SO, was added for each 60 g. of tissue. An hour later the 
extract was filtered and the next day the filtrate was concentrated in 
vacuo, shaken with ether to remove fat, and then concentrated until | ¢.c. 
represented 5-20 g. of tissue. 

The other physical and chemical methods used are discussed in the 
“Ppropeiate places below. 


THE EFFECTS OF ACIDS AND ALKALIS. 


__ In order to study the stability of the various active substances, ex- 
stracts were subjected, at various stages, to processes described as 
boiling in normal acid or alkali. This means that a suitable quantity 
of concentrated acid, or alkali, was added to the extract in a boiling 
tube, so as to produce a final concentration of normal acid, or normal 
alkali. The boiling tube was plunged in boiling water for a stated time, 
and then cooled, neutralized and tested. 

ihe effect of this treatment is, of course, less when it is applied to 
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crude extracts containing large quantities of buffers, than when it is 
applied to purified extracts. The difference is not, however, very great 
with alcoholic extracts. The activity in trichloracetic acid extracts was 
less rapidly destroyed by this treatment—probably owing to the presence 
of larger quantities of buffers. 

At the appropriate pH substance P is very stable, and solutions 
which are neutral to congo can be boiled for an hour or more without 
appreciable loss of activity, but it is destroyed by boiling in more strongly 
acid or in alkaline solution. Fig. 1 shows the effect on the blood-pressure 
of a rabbit under atropine, of a partially purified extract of intestine, 
compared with the effects of equivalent doses of the same extract after 
boiling for 10 min. in acid solution, and after boiling for 10 min. in alka- 
line solution. It shows that either treatment destroys the greater part of 


Fig. 1. Rabbit. Blood-pressure. mm. Hg. Ether. Atropine. Substance P destroyed by 
acids or alkalis. P extract of intestine. P’ and P” same dose after boiling 10 min. in 


N HCl and NaOH respectively. 


the activity. After boiling in acids crude extracts have a weak pressor 
action on atropinized rabbits, and after boiling in alkalis they have a 
weak depressor action. Whenever activity is found in solutions obtained 
by fractionating extracts it is unsafe to attribute the effect to substance P 
until a test of stability such as that shownin Fig. 1 has been carried out. For 
the purposes of this paper substance P is the substance, having a depressor 
effect on atropinized rabbits, which is unstable both in acids and alkalis. 
These solutions which have been boiled in acid or alkali are not inert, 
and if large doses are used large effects are produced. The pharmaco- 
logical impurities can be divided into two classes. 
(1) Acid-stable substances. Histamine. 
Apart from choline, the effects of which have been excluded by means 
of atropine, the best known acid-stable pharmacologically-active sub- 
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stance is histamine. This was isolated from extracts of intestine by 
Barger and Dale [1911]. 

Lange [1932] and Felix and Putzer-Reybegg [1932] were of the 
opinion that intestinal extracts contained some other acid-stable vaso- 
dilator substance, which was neither histamine nor choline. We have not 
confirmed this conclusion, but have obtained definite evidence that the 
fall of blood-pressure which a crude alcoholic extract of horse intestine 
produced in an atropinized cat was practically entirely due to histamine. 
Fig. 2 shows that boiling such an extract for half an hour in the presence 
of normal acid caused no detectable loss of this activity on the cat. In 
another experiment a similar extract was boiled for 10 min. in N HCl, 


(60 


Fig. 2. Cat. Blood-pressure. mm. Hg. Ether. Atropine. A, extract of intestine. Effect 
due to histamine, which is stable in acids. B and C, same dose boiled in N HCl for 
5 and 30 min. respectively. | 


and was then compared quantitatively with histamine for its action on 
the guinea-pig’s uterus, the guinea-pig’s intestine, the cat’s blood- 
pressure (depressor effect), the rabbit’s blood-pressure (pressor effect, 
see Fig. 3) and the human skin. The estimates of histamine content ob- 
tained in these tests were 8-4, 7-3, 6-8, 8-3, and about 7 y per g. of tissue 
respectively. A volume of extract corresponding to 7 g. of tissue was in- 
jected intravenously under local anssthesia in a guinea-pig weighing 
230 g. The effects produced were indistinguishable from those due to the 
injection of 50 y of histamine. These tests were for the most part carried 
out independently of one another, and the quantitative agreement was as 
good as could be expected. It provides strong evidence that all these 
effects were due almost entirely to histamine. Such agreement would 
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certainly not have been obtained if the extract had not been purified, 
from the pharmacological point of view, by boiling it in acid. Forexample, 
Fig. 3 shows that before this treatment the extract produced a fall of 
blood-pressure in an atropinized rabbit. When the extract had been 
boiled in acid this effect was reversed, and was similar to that of an 
equivalent dose of histamine. But since the effect on the blood-pressure 


of an atropinized cat is unchanged by boiling in acid (cf. Fig. 2) this 


particular effect must have been due to histamine. 

Some of the experiments described below were designed to remove 
the histamine from tissue extracts. The success of the various procedures 
used was judged by comparing the depressor effects of treated and un- 


treated extracts with one another and with histamine, on atropinized 


cats. This appeared to give a satisfactory indication of the fate of the 


Fig. 3. Rabbit. Blood-pressure. mm. Hg. Ether. Atropine. P, extract of intestine. Large 
dose of substance P. same dose boiled 10 min. N HCl. H, 
_ 30 y histamine. (Experiments on two rabbits.) 


greater part of the histamine, but complications arose when more than 


90 p.c. of it had been removed. 
' Substance P and adenosine compounds are rapidly destroyed dome 


(2) -Alkali-stable substances. The adenosine fraction. 


Though unstable in acids, adenosine is very stable in alkaline solu- 
tions. The pharmacological effects which an intestinal extract produces 
after it has been boiled in alkali are probably partly, but not entirely, 
due to adenosine and adenosine compounds. Such extracts resemble 
adenosine in the facts that in sufficient doses they produce a fall of 
blood-pressure in an atropinized rabbit and inhibition of a piece of 
rabbit’s intestine. The alkali-stable substances producing these effects 
are referred to as the “adenosine-fraction.”’ 


The proportion of the total depressor activity on atropinized rabbits 
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represented by this alkali-stable fraction was found to vary between 
2 and 30 p.c. Some rabbits appeared to be relatively sensitive to sub- 
stance P, others to adenosine. 

It is clearly desirable that some independent specific biological test 
_ should be available for these adenosine compounds. The test used by 
Bennet and Drury [1931] is probably specific, but it is not sensitive. 
Ostern and Parnas [1931, 1932] have proposed a more sensitive test 
“using the frog’s heart. We have been unable to get reliable results by this 
method. Intestinal muscle appears to be particularly sensitive to adeno- 
sine, and we have used strips of intestine from rabbits, guinea-pigs and — 
cats as tests for adenosine compounds. The best conditions for getting 
accurate results have, however, not yet been worked out. 

Histamine, in the presence of tissue extracts, is partly, but not com- 
pletely, destroyed by boiling in alkali. Histamine is not present in ex- 
tracts of intestine in sufficient concentration to interfere seriously with 
the use of the rabbit’s blood-pressure or isolated intestine as tests for — 
other substances except when very large doses are used. 


EXTRACTIVES AND SOLVENTS. 


_. Prichloroacetic acid. The method of extraction previously described 
- dgpended on the use of acid alcohol. It has been found, however, that an 
extract of horse’s intestine prepared with trichloroacetic acid (2c.c. of a 
10 p.c. solution per g. of tissue) contains about the same quantities both 
of substance P, and of histamine, as an alcoholic extract prepared at the 
same time. 

Ethyl alcohol. Substance P and histamine are both very soluble in 
alcohol, but the adenosine fraction is less soluble. In crude experiments 
with pure substances it was found that while adenosine and muscle 
adenylic acid were soluble in 90 p.c. alcohol, adenylpyrophosphate was 
insoluble in any concentration of alcohol over 75 p.c. 

Some experiments have been made with extracts of voluntary muscle. 
This tissue contains large quantities of adenylpyrophosphate, but if ex- 
tracts are made with suitable precautions they contain very little of any 
other adenosine compounds [Buell, Strauss and Andrus, 1932]. Ex- 
tracts of voluntary muscle, prepared with trichloracetic acid, have a very 
potent depressor action on rabbits. The substance mainly responsible for 
the effect is probably adenylpyrophosphate. It can be almost completely 
precipitated by adding sufficient alcohol to make a concentration of 
90 p.c. In one experiment with an extract of cat’s voluntary muscle the 
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fraction soluble in 90 p.c. alcohol contained only about 2 p.c. of the total 
depressor activity, as measured in an experiment on a rabbit. 

In extracts of horse’s intestinal muscle, on the other hand, there is 
comparatively little adenylpyrophosphate. The total amount of alkali- 
stable depressor activity is much smaller, and a larger proportion of it 
(33 p.c. in one experiment) is soluble in 90 p.c. alcohol. Similar results 
have been obtained in several experiments with extracts of horse’s in- 
testine, but there is some reason to believe that different results would be 
obtained with the intestines of other species. In one experiment an ex- 
tract of dog’s intestine was found to be comparable with an extract of 
voluntary muscle. The alkali-stable fraction extracted by trichloracetic 
acid was very active, and the activity was mostly precipitated by alcohol. 

The adenosine fraction in extracts of horse’s intestine, though largely 
soluble in 90 p.c. alcohol, is almost insoluble in absolute alcohol. In one 
experiment a partially purified extract in alcohol containing minimal 
quantities of water was dried by the addition of anhydrous sodium 
sulphate. This treatment caused no detectable loss of substance P (tested 
on rabbit’s intestine in atropine), but the adenosine fraction was mostly 
removed from the solution. However, this method does not appear to be 
suitable for removing the last traces of the adenosine fraction. 

Acetone. Kuler and Gaddum [1931] stated that substance P was 
insoluble in acetone. A more extensive series of observations has now 
shown that this conclusion was misleading. Acetone containing a small 
proportion of water makes a good solvent for substance P. The “adeno- 
sine fraction,” on the other hand, is mostly precipitated in high con- 
centrations of acetone. Acetone is a more effective agent than alcohol for 
obtaining preparations of substance P, free of the adenosine fraction. 

In one experiment an extract produced a purely inhibitory effect 
when it was applied to a piece of atropinized intestine, but when the in- 
hibitory substances had been precipitated by the addition of acetone, the 
fraction soluble in acetone produced a pure contraction, due presumably 
to substance P. 

In some experiments there was evidence which suggested that the 
substance P detected by experiments on the intestine was less soluble in 
acetone than that detected by experiments in the blood-pressure. In 
many other types of experiment these two methods of testing have always 
given identical results, and further evidence would be required before it 
could be concluded that the two effects were due to different substances. 

The fact that the adenosine fraction in yeast extracts is precipitated 
by acetone has been observed by Zipf and Brakling [1933]. 
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SEPARATION BY ENZYMES. AUTOLYSIS. 


One method of separating pharmacologically active substances in 
tissue extracts consists in the use of enzymes. Ideally a purified enzyme 
should be applied to a purified extract, but a certain amount of 
separation can be achieved, in a very crude way, by autolysis of the 
tissue. 

Substance P is resistant to autolysis. Intestinal muscle has been 
minced and kept for periods of several hours at room temperature 
before extraction, and the extracts have been compared with other ex- 
tracts prepared immediately, No destruction of substance P was detected 
in this way except when the tissue was kept for 24 hours in warm weather. 
In that case it was obvious that considerable bacterial growth had oc- 
curred. We have not attempted to study the autolysis of minced tissue 
under sterile conditions. 

It is known that, if bacterial growth is prevented, histamine disap- 
pears more rapidly during autolysis of intestine than during autolysis of 
other tissues [for references see Best and McHenry, 1931], but the pro- 
cess Is slow. As was to be expected from this earlier work, we found that 
24 hours’ autolysis did not destroy the histamine in the intestine. 

On the other hand, a large proportion of the adenosine fraction is 
rapidly destroyed by autolysis. In several experiments cacti of intes- 
tine were extracted with alcohol, or trichloroacetic acid, at various inter- 
vals after mincing. After removal of the alcohol, or acid, the extracts 
were boiled with alkali, and then neutralized and tested on the rabbit’s 
blood-pressure, or intestine. In this way it was consistently found that 
about three-quarters of the adenosine fraction disappeared during the 
first hour of autolysis, but that after this time no further destruction took 
place. 

‘DEAMINATION, 


The most effective of the methods we have used for removing hista- 
mine from extracts without removing substance P consists in the treat- 
ment of the extract with sodium nitrite [cf. Felixand Putzer-Reybegg, 
1932]. In weakly acid solutions nitrite combines with NH, groups to form 
nitrogen and water. Sodium ions are liberated, and the solution becomes 
less acid. If the solution is strongly acid the nitrite is rapidly destroyed, 
and oxides of nitrogen are released. When nitrites are used to deaminate 
amines, such as histamine, it is theref--= important to control the pH of 
the solution. In one experiment different quantities of H,SO, were added, 
together with a constant quantity of sodium nitrite, to a series of aliquot 
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portions of an extract. The solutions were kept for an hour and a half at 
room temperature, and then tested, after removal of excess nitrite, for 
histamine on a cat’s blood-pressure. The destruction was maximal in a 
portion in which the average pH during the treatment had been about 5. 
Deamination is usually carried out in the presence of an excess of acetic 
acid, which tends to buffer the solution at approximately the correct 
acidity. In the present experiments this was undesirable, because 
acetates have a vaso-dilator action [Bauer and Richards, 1928], and 
their presence in the solution would interfere with the biological test. 

The concentrated extracts which we used were fairly well buffered, and 
satisfactory results were obtained without the use of added buffers. The 
following technique was found to be effective for removing histamine 
from extracts of horse’s intestine. For extracts of other tissues prepared 
in other ways it would probably be necessary to modify the quantities of 
the various reagents used. 

An extract which had been made with 400 c.c. of alcohol and 1-66 c.c. 


of 2N H,SO,, for each 100 g. of intestinal muscle, was concentrated and 


defatted with ether. To each 20 c.c. of the watery solution (5 g. of tissue 
per c.c.) 1 c.c. of 5N NaNO, and 1 o.c. of 2N H,SO, were added. This 
mixture was either boiled for 15 min. or kept at room temperature over 
night. Deamination was now practically complete, and the excess of 
nitrite was removed by adding another 1-5 c.c. of 2N H,SO, and concen- 
trating the extract at below 40° C. in vacuo until 1 c.c. corresponded to 
20 g. of tissue. It will be seen that the quantity of H,SO, added to the 
concentrated extract was equivalent to the quantity of nitrite used. In 
early experiments urea was also added to remove nitrite, but this was 
found to complicate the subsequent testing unnecessarily. 

The solutions used in pharmacological experiments certainly did not 
contain sufficient nitrite ions to affect the result, since they failed to give 
the typical red colour when tested by Griess’ test [Treadwell, 1920]. 
It was found that N/1000 nitrite could easily be detected by this test, 
even in the presence of extracts, by adding one drop of nitrite solution to 
2 c.c. of the sulphanilic acid reagent. 

When extracts were deaminated in this way their see action on 
atropinized cats was reduced to 5-10 p.c. of its original value in 3 min. 
at 100° C., owing presumably to the destruction of histamine (compare 
Fig. 5). Substance P is comparatively stable in the presence of nitrites, 
_ since the depressor action on atropinized rabbits was practically un- 
affected in these experiments. In one experiment there was practically 
no loss of this activity when an extract was deaminated at 100° C. for 
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1} hours (see Fig. 4). In some cases it was possible to detect a small ap- 
parent gain of depressor activity on the rabbit as a result of deamination. 
The deaminated extract produced a deeper, but less prolonged, fall of 
blood-pressure than the untreated extract. This was probably due to the 
destruction of histamine, because, when pure histamine was added to the 
deaminated extract in a concentration equivalent to that which had 
originally been present, the effect of this reconstituted extract was in- 
distinguishable from that of the original extract. 

It is probable that when sufficient time was allowed, these deaminated 
extracts contained no histamine, and that the small depressor action 
which they had on cats was due to substance P. It was not destroyed by 
further deamination. It will be seen that in the experiment shown in 
Fig. 5 the action of a deaminated extract on a cat mostly disappeared 


_ Fig. 4. Rabbit. Blood-pressure. Ether. Atropine. Substance P stable during deamination. 
A, untreated alcoholic extract. B and C, same dose after deaminating at 100° C. for 


3 and 90 min. respectively. 


when the extract was boiled for 10 min. in normal acid. This figure is in — 
contrast to Fig. 2, which shows that histamine is not destroyed by this 
treatment. These results suggest that cats respond in the same way as 
rabbits to substance P. The effect was frequently more prolonged than 
that of histamine (see Fig. 5), especially when the blood-pressure was low. 

However, in other experiments in which deaminated extracts were 
boiled in acid the activity did not disappear in this way. In these cases 
the treatment with acid appeared to cause the new formation of sub- 
stances which caused not only a fall of blood-pressure in cats, but also 
slowing of the respiration and inhibition of isolated pieces of intestine. 
In considering such results it is important to remember that the greater 
part of the depressor activity had been destroyed by deamination, and 
the effects were only obtained by using very large doses. The nature of 
the substance producing these effects is not known. It was probably 
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not ammonium because pure ammonium salts did not produce the same 
effects. | 

The pharmacological activity of adenosine and its compounds is de- 
stroyed by deamination even in the presence of tissue extracts. Adeno- 
sine was added to an extract and the mixture was boiled in the usual way 
with nitrite for 5 min. The effect of this extract on a rabbit’s blood- 
pressure was indistinguishable from that of another portion of the same 
extract, similarly treated, but without the addition of adenosine. The 
added adenosine had all been destroyed. In similar experiments muscle 
adenylic acid and adenylpyrophosphate were found to be destroyed more 
slowly than adenosine, but after treatment for 5 min. at 100° C. extracts 
to which either of these substances had been added lost more than 80 p.c. 
of their original activity. The alkali-stable rabbit depressor activity (the 
“adenosine fraction”) of extracts diminished by deamination to about 


Fig. 5. Cat. Blood-pressure. mm. Hg. Ether. Atropine. Histamine destroyed by deamina- 
ation. A, alcoholic extract of intestine. Effect due to histamine. B, ten times the 
dose of the same extract after deamination. Effect due to substance P? B’ and B” 
same dose boiled 10 min. in N HCl and NaOH respectively. 


30—50 p.c. of its original value in a few minutes, but even when the ex- 
tract was boiled with nitrite for 14 hours the adenosine fraction was not 
reduced below this value. | 

It is probable that this “adenosine fraction”’ contains adenosine com- 
pounds, but the experiments quoted above suggest that it also contains 
other depressor substances which are more resistant to treatment with 
nitrite. 


DIALYSIS AND ELECTRODIALYSIS. 


Euler and Gaddum [1931] found that substance P passed readily 
through cellophane. This observation has been confirmed repeatedly, and 
it has been found that it also passes readily through parchment and parch- 
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ment paper. The rate of dialysis is apparently slightly less than that of 
histamine under the same conditions. 

In order to study the effect of an electrical potential a small triple cell, 
similar to those used by MacGregor and Thorpe [1933 a and 6], was 
made of ebonite. The dimensions of each chamber were 4 x 6 x 1 cm. 
The anode was platinum and the cathode nickel, and a potential difference 
of 200 volts was applied. The current was 0-5-1 amp. The temperature 
was prevented from rising above 40°C. by glass coils through which 


water was made to circulate, and also, in some cases, by maintaining a 


circulation of tap water in the outer chambers. When tap water was 
circulating, the fluid in the central chamber usually tended to become al- 
kaline, but it was kept faintly acid by the continual addition of acid. The 
membranes were cellophane. 

It is known that under these conditions histamine is carried to the 
cathode [MacGregor and Thorpe, 1933 a, 6]. This fact was repeatedly 
confirmed. The middle chamber rapidly lost histamine (detected with 
atropinized cats), and the histamine appeared in the cathode chamber. 

Substance P, measured on the blood-pressure of atropinized rabbits, 
disappeared from the middle chamber at one-third to one-quarter the 
rate that histamine disappeared. It was thus possible to affect a con- 
siderable purification of substance P relative to histamine, but only at 
the expense of large losses of total activity. Substance P could not be 
recovered from either of the lateral chambers, probably because it was 
destroyed by contact with the electrodes. 

In order to determine which way substance P was carried by the 
current, a cell was constructed with five chambers separated by cello- 
phane. The middle chamber contained a watery solution of a purified 
powder containing substance P. The two intermediate chambers were 
relatively thin (2-3 mm.) and contained concentrated buffer solution 
(N/7 acid sodium phosphate). The outer chambers were perfused with 
tap water. Owing to the relatively high concentration of ions the potential 
gradient in the intermediate chambers was relatively low. Ions from the 
middle chamber would thus be expected to accumulate in these inter- 
mediate chambers. 

In this way depressor activity (on an atropinized rabbit) was re- 
covered from one intermediate chamber, and none from the other. Sub- 
stance P appeared to be carried, like histamine, towards the cathode. 
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SuMMARY. 


1. The observations of Euler and Gaddum, concerning the pre- 
sence in extracts of horse’s intestine of an unidentified substance which 
causes @ fall of blood-pressure in atropinized rabbits (substance P), coset 


been confirmed and extended. 


2. The depressor effect of extracts of intestine on atropinized cats is 
almost entirely due to histamine. No evidence could be obtained of any 
other acid-stable depressor substance such as that described by Lange, 
Felix and Putzer-Reybegg. 

3. Substance P is present in extracts made with trichloroacetic acid. 

4, Substance P is carried towards the cathode by an electric current. 

5. The alkali-stable depressor substances (adenosine fraction) which 
are present in extracts as an impurity, are partly destroyed by autolysis, 
or by nitrous acid, and are insoluble in acetone. Substance P is stable 
under these conditions, and soluble in acetone. 


6. Histamine is destroyed by nitrous acid under scutiions where 
substi P is not. 


7. These observations make it possible to separate substance P from 
some of the main pharmacological impurities. 
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OF SPAYED FEMALE RATS. 
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SoMETIME ago we demonstrated that the hypophysis and adrenal glands 
of the rat hypertrophied during estrus [Andersen and Kennedy, 1932; 
Andersen, 1933]. We then attempted to produce this change by the in- 
jection of ovarian hormone (amniotin, Squibb) into spayed female rats. 
In these preliminary experiments the spayed controls showed sufficiently 
_ great variation in adrenal weights to make the adrenal changes in the 
injected animals of no significance. Analysis of our data revealed a corre- 
lation between the interval after operation and the weight of the adrenal. 
In order to establish a base line we studied the changes in the adrenal, 
thyroid, and pituitary glands at various intervals after spaying and these 
data have been reported [Andersen and Kennedy, 1933]. 

A number of other investigators have studied the effect of ovarian - 
hormone on these glands whqn injected over a long period. Leonard, 
Meyer and Hisaw [1931] found no change in the weights of the pituitary, 
thyroid, and adrenals of amature female rats which were injected with 
ovarian hormone for 21-40 days beginning at the age of 28-37 days. They 
_ tested the sex-stimulating potency of the pituitary glands by the implant 
method and found it had decreased. Leiby [1933] spayed adult female 
rats, and after an interval of 3 weeks he injected 100 rat units of theelol 
daily for a week. The pituitary, adrenal, and thyroid glands were hyper- 
trophied as compared with those of the uninjected spayed controls. Poll 
[1933] injected progynon, an ovarian hormone preparation, and proviron, 
a male sex-hormone preparation, into normal and castrated adult rats of 
the corresponding sex and was able to restore the wide z-zone of the 
adrenal which is characteristic of young animals. ; 
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Karp and Rostkiewicz [1934] produced enlarged thyroid glands 
which were hyperemic and contained abundant colloid by the injection 
of menformon, an ovarian hormone preparation, into female rabbits. 
When the injections were given in daily doses of 100 rat units over periods 
of 16-53 days, the gland developed the appearance found in colloid goitre. 

Hohlweg [1934] injected 100 rat units of progynon daily for 6 weeks into 
rats, The hypophyses were enormously hypertrophied, the chief cells 
were much enlarged, and many contained mitotic figures. 

It will be noted that most of these observers used large doses of 
hormone over a period of one or more weeks. Hypertrophy of the adrenal 
was found by Leiby and by Poll; of the hypophysis, by Leiby and 
Hohlweg; and of the thyroid, by Leiby and by Karp and Rostkie- 
wicz. Leonard, Meyer and Hisaw found no weight changes, but 
noted a decrease in the sex-stimulating potency of the hypophysis. 


TECHNIQUE. 


The present experiments were planned with the idea of reproducing as 
nearly as possible the conditions found at cestrus. It is known that as the 
interval after castration is increased, the quantity of ovarian hormone 
required to produce cestrus is increased, and after about 6 weeks the 
dosage must be high. On the other hand, the weights of the thyroid and 
adrenal glands do not decrease to a constant level until about 6 weeks after 
spaying, and the hypophysis at this time has not yet become as large as it 
does a few weeks later. In consideration of these facts we have uniformly 
spayed the animals at 78-82 days of age and begun injections after an 

- Interval of 41-43 days Amniotin (Squibb) dissolved in ethylene glycol 
‘was injected in doses of 5 rat units three times a day for 2 days, making a 
total of 30 rat units. The extract had the potency of 5 rat units per 1 c.c. 
The injections were given at approximately 9 a.m., 1 p.m., and 5 p.m. 
The rats were killed by chloroform at various intervals. Those in the 
_ group “killed 24 hours after the first injection” were killed between 9 a.m. 
and 12 noon, and the other groups likewise were killed during the three 
hours after the time named. Groups of rats were killed at intervals of 24, 
36, 48, 60, 72 and 120 hours after the first injection. In order to standard- 
ize the animals as far as possible the following precautions were taken: 
the rats were of the same strain used in the previous experiments and 
were bred in the laboratory; the diet, care, and the technique of dissection 
and weighing were standardized and have been previously described 
[Andersen and Kennedy, 1932]; at autopsy the lungs and middle ears 
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were inspected. In our experience the more severely infected rats have 
adrenal hypertrophy, but the majority of the infected rats do not. It has 
not yet been possible to estimate with accuracy the degree of infection 
which will produce adrenal hypertrophy, and therefore all rats having 
any evidence of infection have been discarded. Of the eighty rats used in 
the experiment, thirty were discarded because of infection. 

The first two batches of amniotin used were obtained through a 
pharmacy and varied greatly in potency. The first batch produced 
cestrous changes in the vaginal smear 48 hours after the first injection in 
the majority of the animals, and the animals treated with this rre 
grouped in Table I under the title “‘ Amniotin—low potency.” The second 
batch of extract obtained from the same source did not produce vaginal 
smear changes in any rats and is listed as “ Amniotin—non-potent.” The 
age of these extracts was unknown, and we have since found that extracts 
kept in the cold for over 6 months vary in this way. The extract used in 
the remaining experiments has been supplied most generously by Dr A. J. 
Morrell of the Squibb Research Laboratories and has been uniform in 
potency. None over 3 months of age has been used. All rats treated with 
it have had an cestrous smear @ith an abundance of nucleated epithelial 
cells 48 hours after the first injection. On the following day the smear 
contained many cornified cells and on the fourth day a few white cells or 
cornified cells. The non-potent amniotin has accidentally supplied us with 
an additional control. Uninjected spayed animals and a small group of 
animals injected with an equal volume of sterile neutral broth also served 
ascontrols, | 

Sections of the adrenals and thyroids of the animals “killed after 48 
hours” and of the spayed controls were made, and stained with hema- 
toxylin and eosin. A histological study of the hypophysis has not been 
undertaken. 

The probable error of the mean was calculated from the formula 


P.E. wean = 0-67. 


DaTA. 


The essential data are presented in Table I and in Figs. 1 and 2. The 
spayed rats treated with potent amniotin and killed after 48 hours, that is, 
when the vaginal smear was cestrous in type, reproduced the picture of 
the cestrous weight changes found in the pituitary and adrenal glands of 
normal animals. The histological picture of the adrenal was also similar. 
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The thyroid gland, which does not show cstrous changes in the normal 
animal, but atrophies after spaying, was restored to the condition found 
in the normal animal as judged by its weight and histological appearance. 

The mean relative weights of the glands are approximately those 
found in oestrous animals of the same weight: for the pituitary 65-4 mg./kg. 
as compared with the normal cestrous weight of 65:1 mg./kg., a figure 
15 p.c. higher than in the spayed controls; for the thyroid, 104-7 mg./kg., 
an increase of 18 p.c. over the spayed controls, as compared with 
114-0 mg./kg. at normal estrus, which is 28 p.c. higher than the spayed 
controls; and for the adrenals, 234-6 mg./kg., as compared with 237 
mg./kg. for normal cestrus, which figures are 35 and 36 p.c. respectively 
over the mean adrenal weight of the spayed controls [Andersen and 
Kennedy, 1932; Andersen, 1933]. 

An unexpected finding was that the time required to reach maximal 
weight varied for the different glands. The pituitary reached its greatest 
weight (within the range of experimental error) in the animals killed 24 
hours after the first injection. These rats had received only 15 rat units of 
amniotin. The pituitary remained at about the same size during the 
period of observation, namely until the sixth day of the experiment. The . 
adrenal was increased in size by 24 hours, but reached its maximum by 
48 hours and then decreased rapidly in weight. The thyroid was also en- 
larged by 24 hours, but reached the peak of its weight by 72 hours. These 
differences are readily seen in the curves in Fig. 1. 

The various control groups showed no significant rise in situitary 
weight. Strangely enough, there is a definite thyroid hypertrophy in the 
group treated with non-potent amniotin. It is probable that the quantity 
of hormone necessary to produce changes in the endocrine glands is less 
than that required to produce vaginal smear changes. Adrenal hyper- 
trophy was found in all of the control groups, including the rats injected 
with neutral broth, which were killed between 36 and 60 hours after the 
first injection. That part of this hypertrophy may be a response to the 
toxic effect of foreign material is probable. It is, however, significant that 
the degree of hypertrophy varies directly with the potency of the amniotin. 

Sections of the adrenals of the rats treated with potent amniotin are 
_ almost indistinguishable from those found in cestrous animals which we 
have previously described. Mitoses are rare and the increase is in the size 
and lipoid content of the cortical cells. These glands differ from those of 
normal cestrus only in the greater congestion of the vascular bed, especially 
in the reticular zone (Figs. 3 and 4). The thyroid is also similar to that of 
a normal rat, and in marked contrast to the atrophied ibis found 6 
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Fig. 2. ox slightly amnlotin and of neutral broth on the 
weights of the pituitary, thyroid, and adrenal glands. AW=weak amniotin which 
produced an cestrous vaginal smear in about half the injected animals. AN =amniotin 
which produced no vaginal smear changes. B=neutral broth. 
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spaying 
and 48 hours after the first injection of ovarian hormone. 


Hematoxylin and eosin. x 50. 


Fig. 4. The adrenal of a rat killed 6 weeks after 


Hematoxylin and eosin. x 50. 


Fig. 3. The adrenal of a rat 6 weeks after spaying. 
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weeks after spaying, The colloid is darker than normal, but contains an 
abundance of vacuoles and the cells are large and pale. The vessels, 


especially the capillaries, are congested (Figs. 5 and 6). 


Discussion. 

It has been known for many years that the normal functioning of the 
reproductive tract, and especially of the ovary, is dependent on the normal 
functioning of the endocrine glands. The present experiments show that 
the normal functioning of the thyroid, adrenal, and pituitary glands, as 


indicated by their weight and the histological appearance of the two 


former ones, are equally dependent on the presence of ovarian hormone. 
These glands are atrophied 6 weeks after spaying and can be restored to 
their normal appearance within a few days by physiological doses of 
ovarian hormone. The rapidity of the response is of great interest. 

The mechanism of this effect is obscure. The ovarian hormone may 
affect the glands indirectly through some change in the metabolism of the 
body as a whole, it may stimulate each gland directly, or it may stimulate 
the pituitary which is known to influence the thyroid and adrenal. The 
latter supposition seems more probable and is now under investigation. 
The fact that the time required for a maximal response differs in the 
various glands is of interest, but does not prove that the gland which first 
shows evidence of change is the one which stimulates the others, for we 
know very little about the time factor in the response of these glands to 

stimuli. It is of great interest that all three glands show a definite 
hypertrophy within so short a time as 24 hours after the first injection. 
The prolonged change in the thyroid offers an explanation for the absence 
of estrous changes. The effect of one cestrus is still present when the next 
cestrus occurs. | 

The meaning of these rapid alterations in the weight, appearance, and, 
presumably, function of these glands in the animal,economy is not yet 
clear, The recent studies of chemical and metabolic changes associated 
with the reproductive cycle are too numerous to be reviewed here, but 
they undoubtedly bear an important relation to the endocrine changes. 

The report of Richter and Hartman [1934] on the increased 

activity of spayed female rats following the injection of cstrin is of 
especial interest. These authors suggest that the increase in activity is due 
to a second ovarian hormone. From our finding that the degree of 
glandular hypertrophy varies. roughly with the uterine and vaginal 
smear changes it seems probable that the same hormone affects both, but 
this is by no means proven. 
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CONCLUSIONS. 


_ 1, Injection of ovarian hormone (amniotin, Squibb) restores the 
atrophied pituitary, thyroid, and adrenal glands of spayed rats to the 
weight found at cestrus in normal animals. The histological picture of the 


+hyroid and adrenal is similar to that of the cestrous rat. 


2. These weight changes are evident within 24 hours after the in- 
jection of small doses (15 rat units) of the hormone. The maximal response 
of the hypophysis occurs after 24 hours, of the adrenal after 48 hours, and 
of the thyroid after 72 hours. 

3. A significant degree of adrenal hypertrophy may be produced by 
weak amniotin and neutral broth, but not by non-potent amniotin. 
Thyroid hypertrophy was produced by the weak and non-potent amniotin 
but not by neutral broth. The pituitary was not affected by either of these 
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THE EFFECTS OF SYMPATHETIC STIMULATION 
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(From the National Institute for Medical Research, Hampstead, — 
London, N.W. 3.) 


(Received July 20, 1934.) 


THE recent evidence that adrenaline causes a breakdown of muscle 
glycogen to lactic acid [Cori, 1928; Corkilland Marks, 1930] has led us 
to test whether stimulation of the sympathetic nerves to the limb muscles 
can also produce this effect. In mammals there do not appear to be any 
decisive data on the effect of direct sympathetic stimulation on muscle 
glycogen, although a number of observations have been made on animals 
in which the limb muscles. have been deprived of these nerves. 

' Ernst [1915] stimulated the sciatic plexus of curarized frogs for 
30-60 min. and observed a 2-16 p.c. decrease in muscle glycogen. 
Bittner [1926] performed unilateral section of the sympathetic rami in 
frogs, and after 18-60 hours found an increased glycogen content in a the 
muscles of the operated side. 

Herrin and Meek [1931] unilaterally removed the lumbar sym- 
pathetic chain in rabbits and dogs, and after an interval of from 26-28 
days sacrificed the animals and estimated the glycogen content of corre- 
sponding muscles from both hindlimbs. The decreased values found in the 
muscles from the operated side were held to be due to the fact that these 
muscles had been deprived of fibres which normally promote formation of 
muscle glycogen. In addition these workers consider that artificially 
produced sympathetic impulses cause a breakdown of glycogen, while 
naturally occurring ones promote its deposition, but it does not appear to — 
us that sufficient evidence is presented for this view. 

A consideration of the method used by Herrin and Meek for iain 
ing their muscle samples for analysis raises doubts as to the significance of 
their results. Their animals were killed by a blow on the head and, after 
bleeding from the cut vessels of the neck, the muscles were removed. 
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Apparently an interval of 15 min. elapsed between killing the animal and 
placing the muscle samples in potash. Sacks [1931] has already dis- 
cussed the risk of error in this procedure, and from our own experience we 
agree with his criticisms. It would seem that where comparative values 
for muscle glycogen are required in mammals, there are at least three 
satisfactory procedures. 

(1) Carefully dissecting out the muscles under amytal anesthesia 
[Cori, 1929]. 
(2) Freezing the whole limb in situ and then dissecting out the re- 
quired muscles [Davenport, 1928; Sacks, 1931]. 

(3) Dissection of the muscles in the spinal cat preparation rBest, 
Hoet and Marks, 1926]. 

_ In our own experiments we have used the latter procedure. We have 
confined ourselves to observations of changes in muscle glycogen following 
direct stimulation of the sympathetic chain. 

It is generally assumed that ergotoxine abolishes the motor effects of 
adrenaline and of sympathetic stimulation. In particular, there is good 
evidence that adrenaline fails to produce a hyperglycemia in the presence 
of ergotoxine, and it might therefore be expected that its effect in dis- 
charging muscle glycogen would also be affected by ergotoxine. The 
action of ergotoxine is Seis included in the present study. 


METHODS. 


In earlier experiments from this laboratory, in which the action of 
adrenaline on muscle glycogen was studied, the spinal eviscerated cat 
preparation was used, and it seemed appropriate to use the same for the © 
present series of experiments. The suitability of this technique for com- 
parative studies on muscle glycogen has already been discussed in 
previous papers [Best ef al., 1926; Corkilland Marks, 1930]. MacLeod 
[1929; also Anderson and Mac Leod, 1930] has criticized this method of 
evaluating changes in muscle glycogen, but from our control experiments 
we can state definitely that while small variations may occur in individual 
muscles, these are of relatively small significance when compared to the 
increases or decreases found under the actions of insulin or adrenaline 
respectively. 

The spinal eviscerated cat was prepared in the usual manner and a 
blood-pressure cannula placed in the carotid artery. The bladder and 
kidneys were removed. As in the insulin and adrenaline experiments, a 
glucose infusion was set up and the blood glucose thus kept at a constant 
level. The experiments with adrenaline were carried out according to 
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the previously described technique, but in general the amount of adrenal- 
ine infused was less. Where ergotoxine was administered in addition to 
adrenaline, the ethane sulphonate (Burroughs and Wellcome) was dis- 
solved in 80 p.c. alcohol and then diluted with water so that 1 c.c. contained 
5 mg. This quantity was injected at intervals into the rubber tube ad- 
mitting the glucose solution. The glucose was made up in water instead of 
saline, to avoid precipitating the ergotoxine. 

| In experiments involving stimulation of the sympathetic chain the 
following procedure was adopted. After evisceration the preparation was 
left for 30-60 min. to allow the circulation to become adjusted to the 
restricted system, and dissection of the left sympathetic chain was then 
begun. The nerve was freed and tied above the 3rd lumbar ganglion and 
dissected clear down to the 5th, the rami of which were left undisturbed. 
The freed portion of the nerve was then drawn into Collison’s [1933] 
modification of the Brown and Garry [1932] fluid electrode. The 
sympathetic chain on the other side was extirpated down to the 5th 
lumbar ganglion. The portion of the left chain stimulated by the electrode 
was usually that between the 3rd and 4th lumbar ganglia. 

A definite response to stimulation having been obtained, the stimula- 
tion was maintained, with a few seconds’ interval at the end of every 
3-5 min., for a total period which varied from 1 to 4 hours:in the different 
experiments. | 

As criteria of effective stimulation we have taken the following: © 

(1) Vaso-constriction in the limb as indicated by a rise in blood- 


pressure. | 

(2) Erection of the tail hairs. 

(3) Pallor of the foot pads. 

(4) Sweating of the foot pads. 

In experiments where, as far as we could judge, the irmnatbebin hain 
was being adequately stimulated, Nos. 1 and 2 above were invariably 
present, but with Nos, 3 and 4 we had erratic responses. Thus, frequently, 
with a good blood-pressure and tail-hair response there occurred no sweat- 
ing or pallor of the foot pads. On the other hand, with Nos. 1 and 2 
present, sweating alone or pallor alone often occurred, while in one ex- 
periment all four reactions were present. 

Glycogen estimations were carried out by the usual method [Best 
et al.} on the following groups of muscles: tibialis anterior, gastrocnemius, 
rectus femoris, and semimembranosus. In a few experiments, however,the 
biceps femoris was taken instead of the rectus femoris, The samples from __ 
_ both hindlimbs were taken at the end of the experiment. . 
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RESULTS. 
(a) Sympathetic stimulation. 

Our experiments with sympathetic stimulation have shown that this 
causes a definite though small decrease of muscle glycogen. The results 
were rather irregular. In some experiments, though the signs of effective 
sympathetic stimulation of plain muscle were clear, no definite change in 
the glycogen of the muscles was demonstrated. In others the decrease of 
glycogen was limited to one or two of the muscles taken for analysis. We 
have, however, in several experiments observed a definite decrease in all. 

_ One of our early experiments, the only completely negative one, in 
which the stimulation lasted for 1 hour, led us to increase the period of 
stimulation. Nevertheless, even with these longer periods the observed 
loss of glycogen was sometimes so small as to be insignificant. In most 
cases, however, the glycogen loss was quite definite, as is shown by the 
protocols 1 and 2. In the latter all four criteria of stimulation were 

resent. 
1. Spinal eviscerated cat. Stimulation for 14 hours. 


Glycogen p.c. 
Control Stimulated Difference 
Tibialis anterior 0-55 0-37 ~0-18 
Gastrocnemius 0-56 -—0-07 
Rectus femoris 0-36 -0-13 
em 1-18 1-09 — 0-09 
“Average 050. —0-12 


Prorocon 2. Spinal eviscerated cat. Stimulation for 4 hours. Tail hair erect. 
Rise of blood-pressure. Pallor and sweating. of foot pads. 


Glycogen p.c. 
Control Stimulated Difference 
Tibialis anterior 0-85 0-62 — 0-23 
Gastrocnemius 0-74 0-65 - 0-09 
Rectus femoris 0-53 0-58 +0-05 
Semimembranosus 0-98 0-93 — 0-05 
Average 0-78 0-69 -— 0-08 


In the second part of this series of experiments, é.e. those in which 
ergotoxine was given, we were faced with the difficulty of ensuring that — 
the stimulation was effective, since all the criteria of effective sympathetic 
stimulation were abolished by the drug. We had to assume that, having 
once set up the electrode so as to give effective stimulation, as judged by 
the tail-hair and blood-pressure responses, we could rely on a continua- 
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tion of effective stimulation, provided the preparation remained un- 
disturbed. We therefore proceeded exactly as in the experiments without 
ergotoxine, as far as the commencement of stimulation. A short stimula- 
tion was then given, the strength being increased until an unmistakable 
tail-hair and blood-pressure response was obtained. Ergotoxine was then 
injected, and after an interval of about } hour the stimulation was con- 
tinued, its strength being increased at about the same rate as in the 
previous experiments, in order to compensate for the normal loss of 
sensitivity of the nerve. 

Protocols 3 and 4 illustrate the results we have obtained with sym- 
pathetic stimulation under the influence of ergotoxine. _ 


Prorocon 3. Spinal eviscerated cat. 5 mg. ergotoxine ethane sulphonate, and } hour later 
2-5 mg.; then sympathetic stimulation for 1} hours. 
toxine gave good tail-hair and blood-pressure response. 


Glycogen p.c. 


Tibialis anterior 
Gastrocnemius 0-84 0-91 
1-10 1-11 
Biceps femoris 1-14 1-14 


PRorTooor 4. Seiuadcsicanibed ants 5 mg. ergotoxine ethane sulphonate, and 1 hour later 
2-5 mg. Stimulation, lasting 14 hours, started 20 min. after first injection. Trial stimu- 


Glycogen p.c. 
Control Stimulated 
Tibialis anterior 0-27 0-34 
nemius 0-41 
Semimembranosus 0-59 0-57 
Biceps femoris 0-49 0-51 
Average 0-44 0-46 


Finally, ergotoxine alone was given in four experiments, without 
stimulation, and the fact that the average muscle glycogen was un- 
changed (maximum difference 0-03 p.c.) shows that ergotoxine by itself 
had no effect. The procedure in these experiments was to take the first set 
of muscles } hour after the first injection of 5 mg. ergotoxine ethane 
sulphonate, this dose being followed by similar injections after } and 2 
hours respectively. The final set of muscles was taken about 3 hours after 
the first set. In general it may be noted that while the first injection of 
ergotoxine caused a considerable rise in blood-pressure, followed by a 
slow return to the previous level, subsequent injections produced a 
temporary fall in blood-pressure. It was found necessary to increase the 
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rate of ventilation when ergotoxine was first injected in order to avoid 
partial asphyxia due to the constriction of the bronchioles which this 
drug produces. 

Table I summarizes the results of all the experiments in which satis- 
factory sympathetic stimulation was obtained. The figures show that, in 
most cases, sympathetic stimulation causes a — — of 


I. 
Period of A muscle e. 
verage glycogen p. 
in hours Control Stimulated p.c. change Remarks on stimulation effect 


1 0-66 0-66 nil Good cans age but some 
24 0-62 0-60 3 Veer eee 
4 0-78 0-69 -12 Very good, no twitching 
3 0-78 0-66 -18 Fair, some twitching 
0-55 -ll Fair, considerable 

0-48 - 0-46 -~ 4 Good during most of 
1 0-61 0-52 -16 Fair 
1 0-71 0-59 -17 Good 

With ergotoxine. 

1 1-01 1-02 +1 
1 0-44 0-46 + 5 


muscle glycogen. It seems also that ergotoxine abolishes this effect, but, 
since only two experiments with ergotoxine are available, and since the 
effect, even without ergotoxine, may sometimes be negligible, we make 
this statement. with due reservation. It may be pointed out, however, 
that the two ergotoxine experiments were the only ones in which the 
average glycogen content was even slightly higher in the —— than 
in the control limb. 
(6) Adrenaline expervmenis. 

Since the procedure in the adrenaline experiments has already been 
fully described [Corkill and Marks, 1930] itis only necessary to add that, 
for the present purpose, the earlier experiments in which adrenaline was 
administered in large amounts up to the limit of tolerance of the pre- 
paration were supplemented by experiments in which smaller and more 
nearly physiological doses were employed [see Cannon and Rapport, 
1921, and Corie al. 1930]. These smaller doses produced a proportionately 
smaller, but still quite definite discharge of muscle Blyeogen. The period 
of infusion was usually about 2 hours. 

In the experiments with ergotoxine this drug was administered in 
5 mg. doses about } hour before taking the first set of muscles, immediately 
before starting the adrenaline infusion and again at about half-way 
through the period of infusion. In one or two of these experiments the 
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rate of adrenaline infusion was pushed up far beyond the limit of tolerance _ 


of the preparation in the absence of ergotoxine. 

The combined results are presented in the accompanying diagram 
which shows, perhaps more clearly than a table, the relation of muscle 
glycogen discharge to the amount of adrenaline infused (per kg. body 
weight), both with and without the intervention of ergotoxine. These 
results show a considerable amount of scatter, but the continuous line 


. 


0-5. 
Total adrenaline infused in mg. per kg. 


Fig. 1. Adrenaline alone, Corkill and Marks a ; adrenaline alone, ean eam | 


adrenaline and ergotoxine x. 


indicates fairly well the average relation for the experiments without 
ergotoxine. It will be seen that, within the useful range, the results with 
ergotoxine fall fairly uniformly on either side of this line. There is 
certainly no significant evidence that they fall below it. 


~ 


Discussion AND SUMMARY. . 


Since adrenaline and stimulation of the appropriate sympathetic 
nerves exert parallel effects on so many of the body structures, it is not 
surprising to find that they both give rise to a discharge of muscle glyco- 


gen. It is true that the glycogen discharge produced by sympathetic 


stimulation is on the average only about half that given by large doses of 
adrenaline, but this discrepancy might well disappear, if we were able to 
determine the optimum frequency, wave form and duration of the 
stimulation to be applied. a > 
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The abolition of the effect of sympathetic stimulation by ergotoxine is 
also in accordance with expectation; but we do not wish to stress the im- 
portance of this observation, since it is based on only two experiments. 


There is not sufficient evidence for endings of sympathetic nerves in the 


fibres of voluntary muscle. The effects of sympathetic impulses on the 
glycogen content can only, on present evidence, be regarded as secondary 
to their action on the plain muscle of the blood vessels. Recent work, 
especially that of Cannon [1933], points to a chemical transmission of 
this action by release of a substance which, at least in its effects, closely 
resembles adrenaline. It would be natural, therefore, to attribute the 
effect on muscle glycogen to a leakage of this transmitter (Cannon’s 
sympathin) on to the voluntary muscle fibres. We know too little, how- 
ever, as to this process to be able to offer any clear suggestion, as to why 
the effect on glycogen of sympathin thus reaching the muscle fibres 
should be apparently annulled by ergotoxine, while that of adrenaline 
reaching them from the blood vessels persists under the same conditions. 
There is a possibility that the sympathetic supply to the blood vessels of 
the muscles contains other than adrenergic fibres and liberates, in 
addition, some other chemical transmitter which promotes the deposition 
of glycogen. If that were so, ergotoxine might swing the balance of 


effect from loss even to a small gain of glycogen, by a depressant action 


which, in the case of adrenaline alone, would be difficult to demonstrate 
in series of rather widely varying results, Such a possibility, however, 
could only be discussed in definite terms in the light of additional evidence. 
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THE MEASUREMENT OF RED CELL VOLUME. 


‘V. The behaviour of cells from oxalated and: from 
defibrinated blood in hypotonic plasma and saline. 


By ERIC PONDER anp E. J. ROBINSON. 


| (From The Biological Laboratory, Cold Spring Harbor, and 
Washington Square College, New York University.) 


(Received July 28, 1934.) 


THE principal conclusion reached in previous papers of this series 
[Ponder and Saslow, 1930a, b, 1931; MacLeod and Ponder, 1933] is 
that the extent to which the red cell loses osmotically active substances 
into a hypotonic solution depends on the nature of the medium. The 
present investigation arose in the first instance from the use of a simple 
method which appeared to give results at variance with those already 
obtained, the cells swelling, not as “imperfect” osmometers, but as more 
or less “perfect” ones. At first we thought the discrepancy to be due to 
errors either in the new method or in those used previously, but itturned 
out to be due to the fact that we used defibrinated blood when working 
with the new method and oxalated blood when working with the old. 
We then thought that the earlier results, in which the cells appeared to be 
“perfect” osmometers, might be due to oxalate having been used as an 
anticoagulant. Investigation has shown, however, that the state of 
affairs is more complex than this, and that while the loss of osmotically 
active substances is influenced by the presence of oxalate, it is not caused 


by it alone. It is witha of these that this paper 
is concerned. 


I. A SIMPLE METHOD FOR DETERMINING INCREASES 
IN RED CELL VOLUME. 


If we take a quantity of blood, for which the percentage volume 
occupied by the cells is known, and add to it an equal volume (say) of a 
hypotonic solution, the percentage volume which will be occupied by the 
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1 cells in the mixture will be half the original percentage volume if the cells 
Le have not swollen. If they have swollen it will be more than half, and 
| from the figures for the percentage volumes the amount of swelling and 
the tonicity of the hypotonic plasma can easily be calculated. This is the 
principle of the method, which in practice is carried out as follows. 

About 10 c.c. of blood are required. The percentage volume occupied 
by the cells is determined by means of a h»ematocrite running at 12,000 
r.p.m. About 8 c.c. of the blood are measured into a 15 c.c. centrifuge 
tube with a microburette, and thoroughly centrifuged. The clear plasma 
is sucked up into a small separatory funnel, the stem of which has been 
drawn out into a capillary with its tip turned back upon itself for a short 
distance. This prevents cells being sucked up with the plasma. About 
3 ¢.c. of water are added to the plasma in the funnel, the exact amount 
depending on the tonicity which one desires to establish in the medium 
surrounding the cells. The diluted plasma is run back into the centrifuge 
tube, the contents of which are thoroughly mixed and allowed to stand 
for 10-15 min. A sample is transferred to a hematocrite tube, and the 
percentage volume found as before. Then if the quantity of blood taken is 
a, the quantity of water added 6, the original percentage volume p,, and 
the second percentage volume »,, 


100 p, (a +6) 
ap; 
the volume of the cells increasing from 100 to 100+2. The tonicity T of 
the medium surrounding the cells of the mixture can easily be calculated, 
and so the apparent quantity of water in the cells can be found as in 
expression (4) of the last paper of this series [MacLeod and Ponder, 
1933]. If the actual quantity of water present is known from a weighing 
of packed cells before and after drying, we can find R, the fraction of the 

total water which is apparently “‘free.” 


100, 


1 In making these computations it is assumed that the electrolytes obey the simple 
solution laws, that the p tration ratio for the hemoglobin within the cells 
falls in the same manner on dilution as does that for the electrolytes, and that the osmotic 
pressure of serum or plasma falls on dilution in the same way as does that for an NaCl 
solution. The first assumption has its justification in the fact that for the particular con- 
centrations of NaCl used, and lesser ones, the relation between the concentration and A is 
linear, so that the simple solution laws can be taken as applying over the small ranges with 
which we are concerned. Little error is introduced by making the second assumption, for 
hemoglobin contributes only about 3 p.c. to the total osmotic pressures involved, and we 
have found by experiment that the third assumption introduces only a negligible error 
within the range with which we are concerned. In fact, all the simplifications introduced 
into the computation are covered by the error which we associate with an R value, 1.¢. 0-05. 
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This method has two advantages apart from its simplicity. In the 
first place there is no transference of cells from vessel to vessel, as in 
methods using Hamburger hematocrite tubes and the like. Secondly, 
the hypotonic plasma is added to the cells instead of water being added to 
the mixture of cells and plasma, which invariably results in some hemo- 
lysis. The disadvantage of the method is that it depends on h»matocrite 
determinations, which are often unreliable; we have found, however, 
that it gives substantially the same results as many other methods, and so 
such errors as may occur in the hematocrite —— apparently 
cancel out. 


II. RESULTS OBTAINED IN HYPOTONIC OXALATED PLASMA 
AND HYPOTONIC DEFIBRINATED SERUM. 


On first using this simple hematocrite method we observed a con- 
sistent difference between the results yielded by it and those given by the 
methods used by MacLeod and Ponder [1933], 4.e. the cell density 
method, the hemoglobin dilution method, and the method which esti- 
mates the amount of water present in the cells before and after swelling. 
These latter methods invariably showed the red cells (rabbit) to behave as 
very imperfect osmometers with an R value of about 0-6, whereas the 
former always showed them to behave as much more perfect osmometers 
with R values approaching unity. A set of representative results are 
given in the following table, which shows the R values obtained by the 
two kinds of method respectively. 


New hematocrite MacLeod and 


Tonicity method Ponder’s methods 
0-665 0-94 
0-669 0-96 
0-662 0-96 
0-647 
0-655 — 0-62 
0-645 —_ 0-60 
0-653 — 0-72 
0-629 — 0-54 
0-657 0-64 


In view of this consistent difference of result, we suspected the 
accuracy of either the one kind of method or the other, or both, but all 
attempts to find a source of error great enough to account for it failed. 
We thought it possible that there might be an error in the percentage 
volume of the cells in normal plasma as given by the hematocrite, which 
seemed quite likely because of the notorious unreliability of heematocrite 
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methods, and so we found the individual cell volume diffractometrically, 
and, by multiplying by the figure for the number of cells present, arrived 
at an independent value for the percentage volume. This always agreed 
quite closely with that found by the hematocrite. (For the exactness of 
the correspondence, see Ponder, Dubin and Gordon [1934].) We next 
thought that the percentage volume of swollen cells in hypotonic plasma 
might not be correctly given by the h»matocrite, although that for cells 
in normal plasma had been shown to be. We were able to show that if 
Koeppe’s criterion is used as the end-point errors of considerable 
magnitude may arise, but that if high speed hsmatocrites are used and if 
the cells are packed to constant volume, the percentage volumes obtained 
are sufficiently accurate. Lastly, we repeated the determinations by the 
methods of MacLeod and Ponder, making every allowance for possible 
errors introduced by incompleteness of packing, incompleteness of 
drying, differences in cell density, etc., but the results were always the 
same. 

In the end it occurred to us that the difference in result might be due 
to the fact that in using the simple hematocrite method we always used 
defibrinated blood, whereas in using the other methods we always used 
oxalated blood. We accordingly carried out a series of experiments by 
both kinds of method, in which the R values were measured, at about the _ 
same tonicity, (a) for rabbit cells from oxalated blood suspended in 
hypotonic oxalated plasma, and (b) for the cells of the same animal from 
defibrinated blood suspended in defibrinated serum. These experiments — 
immediately showed that the difference in result was due, in part at least, 
to the use of oxalate. 


Hematocrite MacLeod and 
Tonicity method §$Ponder’s methods 

Oxalated blood 0-677 0-85 

0-656 0-71 

0-670 0-73 — 

0-627 0-75 — 

0-654 — 0-62 

0-631 0-69 

0-655 0-66 

0-655 0-58 
Defibrinated blood 0-683 0-98 

0-689 0-92 

0-681 0-94 _ 

0-640 0-90. 

0-633 0-86 

0-646 0-89 

0-656 0-90 


These figures, together with those of the table immediately preceding, 
_ show that the R values obtained for.cells from oxalated blood i in hypo- 
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tonic oxalated plasma are considerably lower than the R values obtained 
for cells from defibrinated blood in hypotonic defibrinated serum, and, 
remembering that any value of R may have an error of +0-05, that this 
conclusion is reached by both kinds of method!. Red cells derived from 
defibrinated blood and suspended in hypotonic serum from defibrinated 
blood are accordingly far more “perfect” osmometers than are cells 
derived from oxalated blood suspended in oxalated plasma, and pre- 
sumably lose osmotically active substances into the medium surrounding 
them to a smaller extent, at least when the tonicity of the medium is 
about 0-65. | 


TOL. MEASUREMENTS OF VOLUME IN 
DEFIBRINATED SERUM AND IN OXALATED PLASMA. 


Because this conclusion is correct when the tonicity is in the neigh- 
bourhood of 0-65, it does not follow that it is correct when the tonicity of 
the medium surrounding the cells has a higher or a lower value, e.g. 0-9 
or 0-45, unless it is true that R has a constant value for all tonicities. Now, 
although FR has been assigned a constant value independent of tonicity 
for the purpose of formulating equations [Ponder and Saslow, 1931], 
such evidence as exists for its constancy depends on diffractometric 
measurements of volume of cells from oxalated blood suspended in 
hypotonic NaCl or KCl solutions, and is not necessarily applicable to 
systems containing cells in hypotonic plasma. What is wanted is a 
determination of the value of R at a variety of tonicities of hypotonic 
plasma and serum between the tonicity of normal plasma or serum and 
the tonicity at which the cells begin to hemolyse. 

Such values of # cannot be obtained by the methods referred to and 
described above, for these determine R with respect to one tonicity? and 
this cannot vary from about 0-65 for the following reasons. If we establish 
a tonicity of 0-75 or 0-85 in the medium surrounding the cells, the 
difference between the amount of swelling which would occur if the cell 
were an osmometer with an R value of 0-9 and that which would occur if 
the R value were 0-6 or 0-7 is too small to be detected by these methods 
with any degree of certainty. On the other hand, if we establish a tonicity 
of less than 0-6 in the medium surrounding the cells, there is a very con- 
siderable risk of some hemolysis occurring even although this tonicity 

1 The R values found by the heamatocrite method, however, are always a little higher 
than those found by other methods. The only explanation we can offer is that the speed of 


20,000 r.p.m. may pack the cells in normal plasma too much, or the cells in hypotonic plasma 
too little. | | 
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may be higher than the “critical tonicity” at which the cells usually 
hemolyse, for there are considerable difficulties in producing adequate 
mixing of the cells with the hypotonic medium. In fact, the methods are 
being used at the very limits of their accuracy, and the tonicity range 
cannot be varied much from 0-6 to 0-7 without the precision of the methods 
being greatly reduced. In order to obtain values of R over a wide range of 
tonicities, we therefore added lecithin to the tubes containing the cells and 
the hypotonic medium, and determined the volume of the cells, now 
spherical, by the method described by Ponder and Saslow [1931] and 
Ponder [1933]. 

Typical results, as obtained by this method, are shown in the follow- 
ing table and graphically in Fig. 1. The initial cell volume is denoted by 
100. 


1-0 100 100 

0-9 104 1 

0-8 112 118 

0-7 117 121 

0-6 126 128 

0-5 142 144 

0-45 Commencing hemolysis 


At this point we ought to remark that while the cell volume is denoted 
by 100 in the case of both cells from oxalated blood and cells from 
defibrinated blood, the cell volumes in the undiluted plasma and serum 
respectively are not the same in absolute units. Diffractometric measure- 
ments show that the volume is slightly less in undiluted plasma from 
oxalated blood than it is in serum from defibrinated blood (e.g. 57° as 
against 594%). The difference is just within the limits of accuracy of the 
method, but we are satisfied that it exists, and it corresponds wfth the 
statement made by Osgood and others that there is a slight shrinkage 
(about 3 p.c.) in the cells of blood treated with oxalate [Osgood, 1926; 
Haden, 1929; Wintrobe, 1931]. The shrinkage is presumably caused by 
the removal of water from the cells, for the A for oxalated plasma is 
greater than that for defibrinated serum (see below); cells from oxalated 
blood may therefore be expected to have a slightly smaller water content 
than have cells from defibrinated blood. 

Fig. 1 shows the results of the above table plotted, a series of lines for 
R=1-0, 0-75, 0-5, and 0-25 being drawn in for reference on the assump- 
tion that the total water content of the cell is 65 p.c. In the case of the 
cells from defibrinated blood suspended in serum from defibrinated blood 
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the swelling curve starts off as if the cell were a “perfect” osmometer, 
é.¢. along the line for R =1-0. The swelling continues along this line until a 
tonicity of about 0-75 is reached, and then changes so as to lie along the 
line for R=0-65 or thereabouts when the tonicity is 0-6 or less. The 
swelling curve then proceeds along this line until the “critical tonicity” 
(about 0-45 in this case) is reached. This corresponds to a critical volume 
of about 150 in terms of the original 100. In the case of the cells from 
oxalated blood suspended in oxalated plasma, on the other hand, the 


170 


R’ 


Fig. 1. Ordinate, p.c. volume; abscissa, reciprocal of tonicity. The curves for R=1-0, 
0-75, 0-5, and 0-25 are shown, and also that for R’=1-0, based on Adair and Robin- 
_ son’s data for the hydration of hemoglobin. Crosses, defibrinated blood; circles, 
oxalated blood, 


swelling curve starts off along the line R =0-65 or thereabouts (at least in 
so far as the method can measure it), and proceeds along this line mntil 
about the same critical volume and tonicity are reached. 

It therefore appears that R is not constant for all tonicities, for, in the 
case of cells from defibrinated blood, R decreases as the tonicity decreases, 
and changes from a high value to a low one rather abruptly at a tonicity 
of about 0-7. Thus, when the red cell is in its “normal” environment — 
(very slightly diluted or undiluted serum from defibrinated blood) it 
behaves as a virtually perfect osmometer, 4.e. as if all its contained water 
were free, or as if R=1-0. If the serum is unduly diluted, however, the 
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cell reaches equilibrium with its environment in some other way than 
merely by exchanging water, and, presumably by losing osmotically 
active substances into the surrounding medium. To express this neatly, 
we shall say that the dilution of the defibrinated serum to a tonicity of 
less than about 0-75-0-65 introduces a “leakage factor.”’ If oxalate is 
added as an anticoagulant, such a leakage factor is introduced at the very 
start, and the red cell behaves as an imperfect osmometer in — 
plasma of almost any degree of hypotonicity. 

We can thus reconcile the results obtained by the various sealiili 
used in this series of papers, all of which show that the red cell is an im- 
perfect osmometer in hypotonic oxalated plasma or very hypotonic serum 
from defibrinated blood, with the assumption made by van Slyke and 
many other physiologists that red cells are perfect osmometers when sus- 
pended in hypotonic serum the tonicity of which does not greatly differ 
from the normal. Putting it our way, the slight deviations from normality 
considered by van Slyke and others who are concerned with the be- 
haviour of the cell under ete ey — are not sufficient to 
introduce a leakage factor 


IV. THE VOLUME OF CELLS DERIVED FROM OXALATED AND 
DEFIBRINATED BLOOD, AND SUSPENDED IN HYPOTONIC SALINE. 


The fact that the use of oxalate as an anticoagulant determines that 
the red cell (rabbit) shall behave as an imperfect osmometer throws some 
doubt on the conclusions of Ponder and Saslow [1930a, b, 1931] and of 
MacLeod and Ponder [1933], for cells from oxalated blood were used in 
all these investigations, and the leakage of osmotically active substances, 
with which their papers are primarily concerned, might have been due to 
the use of oxalate. We have therefore carried out a series of experiments 
in which we have determined the swelling curves for red cells from oxal- 
ated and from defibrinated blood when suspended i in aaa solutions 
of NaCl. 2 

This is not as easy as appears at first sight, for swelling curves express 
 arelation between volume and tonicity, and in order to have the tonicities 
in the proper units, it is necessary to start off with a NaCl solution of a 
tonicity of 1-0, i.e. of the same osmotic pressure as that of the red cell 
interior, this being taken as the same as that of the plasma (oxalated 
blood) or serum (defibrinated blood). We have accordingly proceeded as 
follows. A rabbit was bled from the carotids into two beakers, one of 
which contained the usual amount of oxalate; the blood in the other 
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beaker was defibrinated, and quantities of defibrinated blood, defibrinated 
serum, oxalated blood, and oxalated plasma obtained. The depression of 
freezing point of the serum and plasma were found by Johlin’s method 
[1931], which we have found highly satisfactory. There may be a sur- 
prising difference between the two, for if the A for the defibrinated serum 
is equal to that of a 0-95 p.c. NaCl solution, that for the oxalated plasma 
may be equal to.a 1-1 p.c. solution. The extent of the difference depends 
on the amount of oxalate added, and, since one never knows how much 
blood will be obtained from the rabbit, this is a factor difficult to control. 
Two NaCl solutions, equivalent to the serum and plasma respectively, 
were then prepared, and their tonicity denoted by 1-0; 1 c.c. of a series of 
solutions of decreasing tonicity (0-9, 0-8, etc.) was prepared (a) from the 
NaCl solution equivalent to the defibrinated serum, and (b) from the 
NaCl solution equivalent to the oxalated plasma, and to the tubes con- 
taining these two series of hypotonic solutions was added one drop 
(weight 13 mg.) of (a) defibrinated blood, and (6) oxalated blood. After a — 
. few minutes the volume of the cells from each tube was measured diffrac- 
tometrically [see Ponder and Saslow, 19308]. 

It is sufficient to say that the swelling curves obtained show that the 
cells swell as imperfect osmometers with an R value of from 0-5 to 0-7 
irrespective of whether they are derived from defibrinated blood or from 
oxalated blood. The immersion of the cell in a hypotonic NaCl solution, in 
which there is virtually no plasma, is accordingly sufficient to introduce a 
“leakage factor.” In some experiments the swelling curves for the cells 
from defibrinated and from oxalated blood were almost identical, but in 
_ others the cells from defibrinated blood swelled as somewhat more perfect 
osmometers (e.g. 2 =0-7) than the cells from oxalated blood (e.g. R =0-5). 
There is no doubt, however, that in these hypotonic solutions the cells 
behave as imperfect osmometers of varying degrees of imperfection, and 
that the result is not due to the use of oxalate alone. This confirms the 
conclusions of Ponder and Saslow. 


V. “FRAGILITY” MEASUREMENTS 


Since the “critical tonicity” at which a red cell begins to hemolyse is 
determined by three principal factors, the quantity of osmotically active 
water in the cell, the “‘critical volume,” and the extent to which the cell 
loses osmotically active substances, i.e. the value of R, it ought to be 
possible to measure R independently by determining the critical oor 
the critical volume, and the amount of contained water. 
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The cells contained in one drop of blood (weight about 15 mg.) are 
added to each of a series of tubes containing 1 c.c. of hypotonic media of 
decreasing tonicity. Either oxalated or defibrinated blood can be used, 
and the hypotonic media can be either hypotonic plasma from oxalated 
blood, hypotonic serum from defibrinated blood, or hypotonic NaCl, KCl, — 
etc., but tonicity must always be defined as the ratio of the depression of 
_ freezing point of the hypotonic medium to that of the plasma, or serum, 
surrounding the cells which are added. The tube which shows just com- 
mencing lysis after 10 or 15 min. is selected, and the volume of the swollen 
cells in it measured diffractometrically. Division of the figure obtained by 
the volume of the cell when in isotonic plasma gives the critical volume as 
a percentage of the initial volume. The quantity of water contained in the 
cells is determined by weighing before and after drying to constant weight. 
The value of R is then found by consulting charts which show the cal- 
culated relation between the volume of the cell at equilibrium and the 
tonicity of the surrounding medium for various values of R. An example 
of such a chart will be found in Fig. 2. The charts are very easily prepared 
and used because of the fact that (V,—100)/(V»— 100) =R, where V, is 
the volume (as a percentage of the initial volume) which the cell would 
attain at equilibrium in any given toncity if it were a perfect osmometer 
with R=1-0, and where V, is the smaller volume which an imperfect 
osmometer with R< 1-0 attains at equilibrium in the same tonicity. 

Experiments of this kind give one a very considerable insight into the 
meaning of red cell “fragility” and “‘resistance,’’ but there are certain 
points which have to be watched if the results are to be interpretable. 
(1) As remarked above, all values for tonicity must be based on actual 
freezing-point determinations, for the A for oxalated plasma is different 
from that for serum from defibrinated blood, and there is presumably a 
corresponding difference between the initial tonicities of the interior of the 
cells suspended in the two media. There is also a considerable difference in 
the A for plasma in different animals. Fragility measurements are usually 
carried out by putting the cells into solutions of NaCl of varying con- 
centrations from 1 p.c. downwards, but it will be clear that the tonicities 
corresponding to these various concentrations are unknown unless the 
concentration of NaCl which is osmotically equivalent to the plasma or 
serum bathing the cells is known. (2) In obtaining the figure for critical 
volume by dividing the volume for the swollen cells by the initial volume, 
one must bear in mind that the initial volume is a little greater for cells 
from defibrinated blood than for cells from oxalated blood (see Section 
III). The initial volumes must be actually measured. (3) As the smaller 
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volume of the cells from oxalated blood no doubt corresponds to the 
greater A for oxalated plasma and to a loss of water from the cells, the 
quantity of total water ought to be a little less for cells from oxalated 
blood than it is for cells from defibrinated blood. The difference is very 
small (not more than 3 p.c.), and not detectable with certainty by the 
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Fig. 2. Ordinate, p.c. volume; abscissa, tonicity. For explanation, see text. | 


drying method which we use for determining total water content, but its 
existence should be remembered nevertheless, and taken into account 
when interpreting results. (4) There are usually more cells per mm.? of 
defibrinated blood than there are in oxalated blood, apparently because of 
the removal of fibrin. If the fragility of cells from oxalated blood is being 
compared with that for cells from defibrinated blood, the latter should be 
diluted with serum so as to make the two percentage volumes identical, 


4 
of * 
€ 
> 
“7 
fers 
fi 
4 
x 
tz 
~ 


MEASUREMENT OF RED CELL VOLUME. 45 


so that each drop of blood added to the various hypotonic solutions 
carries with it the same amount of plasma or serum as the case may be. 
(5) Since the critical volume is that attained by the cells in a hypotonic 
solution in which they show just commencing hemolysis, the fragility 
should be measured in terms of the tonicity of such a solution (the critical 
tonicity), and not, as is very often done, in terms of a solution which gives 
50 p.c. hemolysis or complete hemolysis. If one adopts either of the 
latter measures, one is apt to be troubled by the frequency distribution of 
fragilities being of a different form in different media. 

So far as the question of the perfection or imperfection of the red cell 
as an osmometer is concerned, the results given by experiments of this 
type can be summarized by giving the results of a single typical experi- 
ment. When immersed in hypotonic NaCl, the fragility of rabbit red cells 
from defibrinated blood was found to be 0-48 (¢.e. commencing lysis in a 
tonicity of 0-48), and the critical volume was found to be 135 p.c. of the 
initial volume of 100. The water content was 64-6 p.c.; so, referring to the 
chart corresponding to this amount, we find the value of R to be 0-5, very 
nearly (see Fig. 2, point A). The fragility of the cells of the same animal, 
but from oxalated blood, was 0-44, and the critical volume was again 135; 
this makes R equal to a little less than 0-45 (same figure, point B). The 
difference may be partly due to the slightly smaller quantity of water in 
the cells from oxalated blood, but the cells are obviously far from perfect 
osmometers, irrespective of whether they are derived from oxalated or 
defibrinated blood. When they are immersed in hypotonic plasma, how- 
ever, the situation is somewhat different. The fragility for the cells of the 
same animal, from defibrinated blood, and immersed in hypotonic 
defibrinated serum, was 0°48, and that of cells from oxalated blood, im- 
_ mersed in hypotonic oxalated plasma, was 0-43, but in both cases the 
critical volume was found to be 151 instead of 135, ¢.e. greatly increased. 
Referring again to the chart, we find R for the defibrinated system to be 
0-75 (point C), and R for the oxalated system to be nearly 0-6 (point D). 
The cells in the defibrinated system are accordingly somewhat better 
osmometers than are those in the oxalated system, but they are imperfect 
nevertheless. 

Remembering that in all types of experiment there is considerable 
variation in the numerical value of R obtained, the results of an experi- 
ment such as this confirm the results described in Sections III and IV, 
and make it clear that in no case is the red cell a perfect osmometer when 
it is immersed in solutions so hypotonic as to bring about commencing 
lysis. At the same time the experiment shows how the fragility of the 
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cell depends on the critical volume which it can reach and on the value of 
R, and a figure such as Fig. 2 shows the impossibility of a perfect osmo- 
meter containing about 60 p.c. of free water by volume remaining intact 
in a tonicity of 0-45 or thereabout and yet presenting a volume of only 
about 135 p.c. 

VI. Discussion. 


Since it has recently been shown by direct analysis that both the 
rabbit red cell [Ponder and Robinson, 1934] and the ox red cell 
[Davson, 1934; Kerr, 1929] lose osmotically active substances (mainly 
Na and K) into a hypotonic medium, and that the amount of the loss is 
about that required to give the R values obtained from volume measure- 
ments, these results require very little discussion. It is as well, however, 
to show that they do not conflict, in any very serious manner, with the 
results obtained in a long series of papers by Jacobs and Parpart 
[Jacobs, 1930, 1932; Jacobs and Parpart, 1931, 19324, 6, 1933]. These 
investigators are essentially concerned with the rate at which water 
enters the erythrocyte from a hypotonic solution, and this rate is given 
by a differential equation which leads to equations of which the following, 
which applies to the case where the hypotonic —! is water, is an 


example, 


_ Here ¢, is the time required for reaching the critical volume for com- 
mencing lysis, A is the area of the cell, k a permeability constant, c, the 
osmolar concentration of a solution in equilibrium with the cell interior, 
r the ratio between this concentration and that which will just cause 
lysis, and V, is the “initial effective osmotic volume”’ of the cell, ¢.¢. the 
volume of its “free water.” Since V, and ¢, are difficult to find, Jacobs 
and Parpart put kV,/2Ac, =k’, a new constant. This they then show to 
be constant, under certain condition’, for various values of ¢, and r. 
When the rates of water intake are satisfactorily described by this and 
similar equations, they speak of the cell as a “‘perfect”’ osmometer. We, 
on the other hand, speak of the cell as-a ‘“‘perfect” osmometer only 
when, at equilibrium, it takes m that amount of water which would be 
expected on the basis of the quantity of “free” water in it: if it swells less, 

losing salts in the process, we call it an “imperfect” osmometer. Since 
Jacobs and Parpart’s equations for the rate at which water enters the 
_ cell are written in terms of the new constant k’ = kV,/2Ac,, it will be clear 
that they are just as applicable to an “‘imperfect”’ osmometer, in our 
sense of the term, as to a “ perfect” one, for the only effect of varying V,, 
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the amount of free water in the cell, is to vary k’, which includes the 
value of R. In Jacobs and Parpart’s equations, V, is assigned an 
arbitrary value; in our treatment, on the other hand, it must have 
exactly the right value, and the difference usually observed between the 
apparent and the real amount of water in the cell is treated as arising 
from ‘the loss of osmotically active substances, which can be detected 
analytically in the surrounding medium in approximately the right 
amount. But the fact that such a loss occurs does not prevent the cells 
swelling in accordance with Jacobs and Parpart’s rate equations, with 
their arbitrary value of V, (or of R), as is excellently illustrated by a 
paper by Schiddt [1933], who applies what are essentially their equations 
and who measures volumes at the same time. He finds the equations for 
rate to be followed, but he has to give his cells a quantity of free water 
less than they could possibly contain (z=50, in his paper); the cells 
accordingly swell as “imperfect” osmometers in our sense, with an R 
value of about 0-77, and as “perfect” osmometers in Jacobs and 
Parpart’s more restricted sense, and follow both sets of equations at 
one and the same time. 


VII. Summary. 


-], Experiments involving volume measurements of rabbit red -cells 
in hypotonic defibrinated serum and oxalated plasma show that the cell 
behaves as a more “perfect” osmometer in the former medium than in 
the latter, at least when the degree of hypotonicity is not too great. Ifthe 
tonicity is less than about 0-6, there is little difference in behaviour 
between cells from defibrinated and from oxalated blood, and if the cells 
are suspended in hypotonic NaCl solutions instead of in serum or plasma, 
there is again little difference in behaviour. The cell, in fact, behaves as an 
“imperfect” osmometer, losing osmotically active substances into the 
surrounding hypotonic medium, whenever the medium in which it is 
suspended differs more than slightly from its normal environment. 

2. Experiments are carried out in which the three principal factors 
which control the “fragility” of the cell, i.e. the “critical tonicity” in 
which lysis begins, are measured simultaneously. These factors are the 
total water content, the “critical volume” to which the cell can swell 
before losing pigment, and the degree of perfection of the cell as an osmo- 
meter. The results confirm the foregoing conclusion, and show that the 
critical volume is greater when the cell is in serum or plasma than when 
NaCl, etc., is used as the suspension medium. 
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THE HYPERCOAGULABILITY OF THE BLOOD DUE 
TO INTRAMUSCULAR INJECTION OF 
SODIUM CITRATE. 
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Nevuor and HirsHre wp in 1922 advocated the use of the intra- 
muscular injection of sodium citrate as a hemostatic. They found that 
the coagulation time of the blood was shortened for 2 or 3 hours after 
the injection, and gradually returned to normal in 24-48 hours. They 
attributed this to destruction of blood platelets and liberation of a 
substance activating coagulation. No changes were found in the carbon 
dioxide content of the blood. | 

Sodium citrate given by the mouth or by intravenous injection has 


_ frequently been shown to be oxidized in the body and excreted in the 


urine as carbonate, and according to Battelli and Stern [1911] can be 
oxidized by isolated tissues of the higher animals. The absence of change 
in the carbon dioxide of the blood after intramuscular injection of 


citrate, as stated by Neuhof and Hirshfeld, seemed to us inconsistent 


with this, and to require further investigation. 

Moreover, Mills [1921] and others have pointed out that there is 
some relationship between the alkali reserve and the coagulability of the 
blood, in most cases a high alkali reserve being associated with increased 
coagulability and a low one with diminished coagulability. 

Accordingly this research was undertaken to study the effects of 
intramuscular injections of sodium citrate on the alkali reserve, and 
their relationship to the increased coagulability of the blood produced 
by such injections. 

METHODS. 

Cats were used in all experiments. They were anesthetized with 
sodium ethyl-1-methyl-butyl barbiturate (nembutal), 60 mg. per kg. body 
weight, given by intraperitoneal injection. This produced complete 
anesthesia with relaxation of the muscles generally within 5 min, A 
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parafiined cannula was then inserted ‘into the left femoral artery and, 
after about 20 min., samples of blood were drawn off at intervals of 10 min. 
until they gave a constant clotting time to serve as a control. A sample 
of blood consisted of about 3 c.c. and was collected in a test tube con- 
taining crystals of potassium oxalate and set aside for the estimation of 
the alkali reserve. At the same time the end of a capillary glass tube was 
passed into the cannula to collect blood for the estimation of the coagu- 
lation time. : 
In the earlier experiments only one control sample was taken, and 
that immediately after the cannula was inserted, but it was found that 
the blood of some animals was unstable for a short time after the ad- 
ministration of the anszsthetic and the preliminary preparation, so that 
the coagulation time tended to diminish. This method was therefore 
discarded and replaced by the one described. 

In the experiments with sodium citrate, that substance was injected 
into the muscles of the right thigh in the ratio of 0-125 g. per kg. body 
weight as soon as the coagulation time was found to be constant. A 
sample of blood was usually drawn off 5 min. later and subsequent 
samples at intervals of 10 or 15 min. The experiments with the other 
substances differed from this only in the amount of substance injected. 

The coagulation time was measured by the method of Sobrazes 
[1904] and McGowan [1907] and was taken as the interval between the 
collection of the blood in a capillary glass tube and the first appearance 
of a thread of fibrin in it, as ascertained by cutting off small portions of 
the tube at regular intervals of time. To get consistent results itis essential 
that the tubes should not be subject to wide variations of temperature. 
They have to be held by the fingers for cutting, but it was found that a 
tube could be so held that the hollow of the hand formed an incubation 
chamber for it at 32° or 33° C. In this way the error due to temperature 
variations was avoided and consistent results were obtained. 

The alkali reserve was determined by the method of van Slyke 
and Cullen [1917]. 

RESULTS. 


The effects of an intramuscular injection of — citrate are shown 
by the numbers obtained in Exp. 1. 


Ezp. 1. Intramuscular injection of sodium citrate. 


Control 
Time after injection _ 5 15 25 35 45 55 
Alkali reserve 48 51 59 58 57 57 55 
Coagulation time 43 3-0 1-3 3-0 3-0 3-5 3-5 


Time is expressed in minutes, the alkali reserve in c.c. of CO, per 100 c.c. of plasma. 
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There was an increase in the alkali reserve from 48 to a maximum of 
59, reached in 15 min. after the injection, the increase being already 
indicated within 5 min. At the end of the experiment, 40 min. after this 
maximum had been reached, the alkali reserve had only fallen to 55. 

Accompanying this increase in the alkali reserve there was a diminution 
in the coagulation time from an initial 4-3 to a minimum of 1-3 in 15 min. © 
after the injection, followed by an increase to 3-0 in the next 10 min. 
and not rising to more than 3-5 by the end of the experiment. 

In this case the coagulation time reached its minimum when the 
alkali reserve reached its maximum, but this was not the general rule. 
While the alkali reserve nearly always reached its maximum in 15 min. 
the coagulation time usually did not reach its minimum until 10 min. 


. later. In every case, however, the alkali reserve kept up for the duration 


of the experiment while the coagulation time, after its fall, increased 
rapidly at first, then more slowly, till it became almost constant at a 
value well below that from which it started. 

The increase in the alkali reserve after intramuscular injection of 
sodium citrate was not found by Neuhof and Hirshfeld but is ex- 
plicable as being due to the oxidation of the citrate with the formation 
of sodium bicarbonate. This raises the question whether intramuscular 
injections of sodium bicarbonate itself will increase the alkali reserve 
and diminish the coagulation time in the same way as the injections of 
sodium citrate. In order to test this a series of experiments was carried 
out in which, instead of sodium citrate, an equivalent amount of sodium 
bicarbonate (0-25 g. per kg. body weight) was injected into the muscles. 
Exp. 2 is a type of these experiments. 


Exp. 2. Intramuscular injection of sodium bicarbonate. 


Control 
Coagulation time 45 1-0 2-0 3-2 3°5 3-3 3°5 
Time is expressed in minutes, the alkali reserve in .0. of CO, per 100 c.0. of plasma. 

In a general way these results resemble those from the sodium 
citrate, There was an increase in the alkali reserve from 43 to a maximum 
of 54 in 10 min. and it remained up for the rest of the experiment. The 
coagulation time diminished from 4-5 to a minimum of 1-0 in 5 min., © 
then increased:to 3-2 in the next 15 min. and never rose above 3:5. 

The changes in the alkali reserve are similar in the two sets of experi- 
ments, but the coagulation time reaches its minimum sooner in the 
experiments with bicarbonate than in those with citrate, and it always 
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reaches this minimum before the alkali reserve reaches its maximum. 
These differences, although not great, are constant. They indicate that 
the effects produced by the intramuscular injection of sodium citrate 
cannot be explained as being wholly due to the presence in the blood of 
sodium bicarbonate formed from the citrate. 

The possibility that the changes in the coagulability of the blood in 
both series of experiments might be due to some substance derived from 
the muscle was considered. The sodium citrate was dissolved in a 
quantity of distilled water of the order of 3-0 c.c. for injection. The 
intramuscular injection of even this small volume of liquid might con- 
ceivably damage the muscle and result in the liberation into the blood of 
a substance affecting its coagulability. This was tested by injecting into 
the muscles 3-0 c.c. of an isotonic solution of sodium chloride (0-85 p.c.) 
instead of the sodium citrate. No effect was produced on the alkali 
reserve or the coagulability of the blood. 

The subject was approached in another way. The citrate instead of 
being injected into the muscles was injected into the peritoneal cavity. 
Injury to muscle was thus avoided and had not to be considered as a 
factor in interpreting the results. Exp. 3 was carried out on this plan. 


Ezp. 3. Intraperitoneal injection of sodium citrate. 


Time after injection 5 15 25 35 45 
Alkali reserve 45 46° 4&8 50 52 52 
Coagulation time 4-0 3-3 3-3 2-0 1-8 1-8 


Time is expressed in minutes, the alkali reserve in c.c. of OO, per 100 c.c. of plasma. 


There was an increase in the alkali reserve from 45 to a maximum of 
52 in 35 min., with a diminution in the coagulation time from 4-0 to a 
minimum of 1-8 in the same time. 

This result differs from that from the intramuscular injection of 
sodium citrate in the longer time taken for the greatest effect to be 
produced. From a consideration of the alkali reserve, it appears that. 
oxidation of the citrate is more rapidly effected by the tissues of the 
muscle than it is when absorption has to take place from the peritoneal 
cavity. The corresponding delay in the development of hypercoagulability 
shows a relationship between the alkali reserve and the coagulability of 
the blood which is in accord with the results of the previous experiments. 

As the sodium citrate solution used in the intramuscular injection 
experiments was hypertonic for the body fluids, it was necessary to see 
whether hypertonicity of the solution injected was a factor in producing 
the results. For this purpose the intramuscular injection experiments 
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were repeated with sodium chloride instead of sodium citrate. An 
amount of sodium chloride (0-17 g. per kg. body weight) equivalent to 
that of the sodium citrate of the previous experiments was used. It 
was dissolved in 3 ¢.c. of distilled water for injection and gave a strongly 
hypertonic solution. As in the case of the isotonic salt solution, its 
injection produced no effect on the alkali reserve or the coagulability of 
the blood. 

In view of these results it was of interest to ascertain whether the 
intramuscular injection of such a substance as ammonium chloride would 
cause a@ lowering of the alkali reserve and, if so, whether it would be 
accompanied by diminished coagulability of the blood. The amount of 
ammonium chloride corresponding to that of the sodium citrate used 
in the citrate experiments is 0-155 g. per kg. body weight, but as, according 
to Dixon [1929], 0-15 g. per kg. body weight causes convulsions, the 
amount actually injected was 0-125 g. per kg. body weight. The effects 
produced were small but all pointed in the same direction. There was a 
diminution of the alkali reserve accompanied by an increase in the 
coagulation time. In one experiment, for example, the alkali reserve was 
50 before the injection of ammonium chloride, 5 min. after the injection 
it had fallen to 45, and it maintained this average for the next 20 min. 
The coagulation time correspondingly increased from 3-3 to 4-3 in 5 min. 
and remained at that level for the remaining 20 min. 

It was thought that it might be possible to increase the effect of 
ammonium chloride by raising the alkali reserve before its injection. 
This was done by intramuscular injection of sodium citrate. ih 4 
shows the result. 


Hzp. 4. Intramuscular injection of sodium citrate followed by that of ammonium 


Time after Control 
a) of sodium citrate _ 5 15 25 35 45 55 
b) of ammonium chloride — 5 15 25 
i reserve 48 50 55 56 | 48 46 
Coagulation time 55 5-0 2-8 5-0 5-0 4-8 


Time is expressed in minutes, the alkali reserve in 0.0. of CO, per 100 c.c. of plasma. 


The injection of sodium citrate caused a rise in the alkali reserve 
from 48 to 56 in 25 min. and a fall in the coagulation time from 5-5 to 
2-8 in the same time. The subsequent injection of ammonium chloride 
was followed by a fall in the alkali reserve from 56 to 51 in 5 min. and 
down to 46 in the next 20 min. There was a corresponding rise in the 
coagulation time from 2-8 to 5-0 in 5 min. at which level it remained 
practically constant for the rest of the experiment. 
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Discussion. 


It is clear that the intramuscular injection of sodium citrate rapidly 
makes the blood more coagulable and increases the alkali reserve. These 
effects are not due to injury of the muscle with consequent release from 
it of a substance into the blood, for they are produced by the injection 
of sodium citrate into the peritoneal cavity and are not produced by the 
injection’ of isotonic sodium chloride solution into the muscle. For the 
latter reason also, they are not the result of hemorrhage from the with- 
drawal of blood for the samples. They do not, moreover, depend upon 
the hypertonicity of the solution injected for they do not occur if 
hypertonic sodium chloride solution is injected into the muscle. The 
question to be considered is whether they are independent effects fol- 
lowing the injection of citrate, or one effect is related to the other. 

A general review of the experiments shows that there is a relationship. 
When the alkali reserve is deliberately increased, as by the injection of 
sodium bicarbonate, the blood becomes more coagulable; when the alkali 
reserve is diminished, as by the injection of ammonium chloride, the 
blood becomes less coagulable. When the citrate experiments were being 
made it was noticed that, whereas the alkali reserve rose to a maximum 
and remained there, the coagulation time after falling to a minimum rose 
again appreciably before becoming constant. This seemed to indicate 
that there was some other factor at work besides the change in the 
alkali reserve, but the experiments with sodium bicarbonate produced 
a similar effect, so that it is not peculiar to the action of the citrate. In 
both cases the coagulation time, as it falls, overshoots the mark before 
attaining a steady low level. 

There is however a constant difference in the actions of the two 
substances to which attention has already been drawn. When bicarbonate 
is injected the coagulation time rapidly reaches a minimum while the 
alkali reserve is still rising; in the case of the citrate the coagulation time 
continues to fall even after the alkali reserve has reached its maximum. 
The bicarbonate effect on coagulability also appears to be more transient. 
The coagulation time may return to the value of the normal control or 
very near to it within 35 min. of the injection of bicarbonate while the 
alkali reserve is still at its high level. This never occurs with the citrate. 
The blood always shows an appreciable degree of hypercoagulability 
at the end of the citrate experiments, about an hour after the injec- 
tion, and Neuhof and Hirshfeld [1922] state that this condition only 
gradually passes off in 24-48 hours. It seems, then, that, when sodium 
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citrate is injected into the muscles, there is something besides the change _ 
in the alkali reserve increasing the coagulability of the blood. 

It is reasonable to infer that this is the sodium citrate itself. Some of 
it must be absorbed as such from the muscles into the blood and excreted 
by the kidneys without undergoing oxidation, as Salant and Wise [1917] 
found to happen in the case of subcutaneous injections of sodium citrate. 
If the absorption is slow and the amount small, the presence of this 
unconverted citrate in the blood will increase its coagulability, for it 
has been shown by Weil [1915] that intravenous injections of small — 
amounts of sodium citrate make the blood more coagulable. 


SUMMARY. | | 

1, Intramuscular injections of sodium citrate increase the alkali 
reserve and the coagulability of the blood. 

2. Intramuscular injections of sodium bicarbonate do the same. 

3. Intramuscular injections of ammonium chloride diminish the 
alkali reserve and the coagulability of the blood. 

4, The increased coagulability of the blood following intramuscular 
injection of sodium citrate is due partly to the increase in the alkali 
reserve and partly to the absorption of a small amount of sodium citrate 
into the blood stream. 
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REACTION OF THE SMOOTH MUSCLE OF THE > 

GASTRO-INTESTINAL TRACT OF THE SKATE 

TO STIMULATION OF AUTONOMIC NERVES IN 
ISOLATED NERVE-MUSCLE PREPARATIONS. 


By J. V. V. NICHOLLS. 
(Department of Physiology, McGill University, Montreal, Canada.) 
(Recewed May 31, 1934.) 


Tue object of this series of experiments was to study, if possible, the 
effect of stimulation of the sympathetic and parasympathetic nerves 
upon the gastro-intestinal tract of the skate when a strip of smooth 
muscle with the artery or vagus nerve supply attached was suspended 
in a suitable nutrient solution. Similar observations have been made 
by Rabinovitch [1928] and McSwiney and Robson [19296], using 
tissues taken from the cesophagus and stomach of the cat. These observers 
found that stimulation of the vagus nerve with break induction shocks or 
a tetanic current caused contraction. The effect was abolished by atro- 
pine. In further experiments [1929a, 1931] they showed that on stimula- 
tion of the sympathetic nerves a contraction or relaxation was obtained. 
The effect varied with the frequency and strength of the stimulus. 
Ergotoxine abolished the motor effect. 

Bottazzi [1902] found that excitation of the sympathetic and para- 
sympathetic nerve supply to the spiral intestine of elasmobranch fishes 
would produce contractions. Excitation of the vagus or sympathetic 
nerves did not stimulate the rectum and colon, though excitation of the 
45th and 48th segments of the spinal cord did stimulate these parts, 
which effect he thought took place through a sympathetic outflow from 
this region of the cord. : 

Babkin and MacKay-Sawyer [personal communication, 1931] 
found that by stimulating the coeliac axis, contraction of the duodenum 
was sometimes produced, and that stimulation of the superior mesenteric 


_ 1 This work was carried out in the laboratory of the Marine Biological Association of 
the United Kingdom, Plymouth, England. 
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artery caused a strong ring of contraction at the lower end of the spiral 
intestine, Lutz [1931] found that stimulation of the posterior splanchnic 
nerves gave an increase in the motility of the intestine and rectum. 
Further evidence of a well-developed sympathetic and parasym- 
pathetic nerve supply to the gastro-intestinal tract of elasmobranch 
fishes has been obtained with such drugs as adrenaline, pilocarpine and 
acetylcholine [Dreyer, 1928-9; Lutz, 1931; Nicholls, 1933a, 5). 


METHODS. 


It was decided in this series of experiments to adopt the method of 
Rabinovitch with certain modifications. The excised strips of gastro- 
intestinal tract, with artery or nerve attached, were immersed in a 
nutrient solution which had been found suitable in previous experiments 
[Nicholls, 1933a]. The solution was made up as follows: NaCl 16-38 g., 
urea 21-6g., KCl 0-894 g., CaCl, 1-11 g., NaHCO, 0-378 g., NaH,PO, 
0-06 g., and dextrose 1-0 g. per litre of distilled water. 

In the stomach circular strips of muscle were cut,. being stripped off 
from the mucosa in such a manner as not to contaminate them with 
gastric contents [Nicholls, 1933a]. In the case of the spiral intestine, 
colon and rectum, circular strips were also cut, but the mucosa was left 
attached, as it was impossible not to damage the tissue considerably 
in removing it. The circular strips were carefully washed in several 
changes of ice-cold saline to remove any adherent material [Nicholls, 
19336]. 

In the experiments dealing with the sympathetic innervation to these 
parts, the artery supplying the tissue was carefully dissected out and one 
end was left attached to the strip of muscle. The artery used with each 
strip is described in a later part of this paper. 

The experiments on the effect of vagal stimulation were restricted to 
the cardiac and upper fundal regions of the stomach, as both vagi nerves 
in the skate break up into small branches at the lower end of the ceso- 
phagus. It was possible, however, to dissect out 2 or 3 cm. of the nerve 
attached at its distal end to circular strips of muscle from the fundus and 
cardia. The nerve was stimulated in the same way as the artery. 

Two strips of muscle with the artery and nerve attached were set up 
in a bath containing nutrient saline through which a stream of washed air 
was constantly bubbled. This arrangement allowed one strip to act as a 
control, The bath was surrounded with another bath, the temperature of 
which could be varied at will. As soon as the strips of tissue had been set 


BS 
re 
‘ 
4 
> 
4 
ig 
¥ 
= 
> 
4 
a 
% 
5 
é 


58 


up the temperature was lowered to about 1° C. by the addition of ice to 
the outer bath, and then was allowed to rise slowly to 12° C. over a period 
of 1-2 hours. Throughout this period the tissue was kept at a temperature 
between 11 and 13° C., which is only 2 or 3° C. above the temperature of 
_ the fishes’ habitat. This procedure reduced considerably the shock to the _ 
tissue consequent upon its previous treatment. The contractions of the 
muscle were recorded on a very slowly moving blackened drum using ~ 
light frontal writing levers [Evans, 1919]. A 2-volt accumulator was 

used as a source for current with a Du Bois-Reymond induction coil. 
The secondary current was carried to the artery and nerve, which was 
held clear of the solution bathing the strip, by means of the usual type of 
small electrodes. 

The species Raja maculata alone was used except in two or three cases 
noted in the text where R. nevus was used. 

The effects of the following drugs were also observed: 

(1) Ergotoxine. A 1: 1000 solution of ergotoxine phosphate (B.D.H.) 
was freshly prepared each day. 

(2) Adrenaline. A 1: 1000 solution of adrenaline chloride (Parke, 
Davis and Co.). 

(3) Atropine sulphate (Merck). 

(4) Acetylcholine (B.D.H.). 

The effect of ergotoxine upon arterial and adrenaline stimulation was 
also investigated. 

EXPERIMENTAL RESULTS. 
Gastro-pancreatico-duodenal artery. 


Ruaiies or antrum. Stimulation of the artery with single or multiple 
break shocks, or faradic stimulation with the secondary coil at from 
0 to 14 cm. from the primary coil had no effect. 


Anterior gastric artery. 

Antrum. Single or multiple break stimuli with the secondary coil at 
0-14 cm. had no effect. Faradic stimulation lasting 2 min., with the 
secondary coil at 14 cm., sometimes produced excitation, the ‘amplitude 
of the contractions being increased. When the secondary coil was at 
0 cm. there was definite stimulation, the rate and amplitude being in- 
creased, and in fully half the experiments the base line was raised. The 
latent period varied greatly, being never less than 4 min. and never more 
than 3 min. A loss of vitality in the muscle seemed to be the cause of the 
longer latent periods. 
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Yundus. Stimulation of the anterior gastric artery with single or 
multiple break stimuli with the secondary coil at 14 or 0.cm. had no 
| effect. Faradic stimulation with the secondary coil at 14cm. had no 
| effect, but when it was at 0 cm. the contractions showed an increased 
rate and amplitude, although the base line was only sometimes raised. 
Again there was a variable latent period (see Fig. 1 A). 


Fig. 1. A, muscle from fundic region of stomach. Shows the effect of stimulation (faradic, 

secondary coil at 0 cm.) of the anterior gastric artery. B, muscle from the spiral 
intestine. Shows the effect of stimulation (faradic, secondary coil-at 0 cm.) of the 
4 superior mesenteric artery. C, muscle from the rectum. Shows the effect of stimulation 
: (faradic, secondary coil at 0 cm.) of the inferior mesenteric artery. 


_ Superior mesenteric artery. 

Spiral intestine. Single and multiple break shocks and faradic 

| stimuli had the same effect upon the spiral intestine as had similar 

: stimuli, applied to the anterior gastric artery, on the fundus (see Fig. 1 B). 

| Colon. The same results were obtained as in the spiral intestine, 
except that the muscle reacted to the arterial stimulation practically 

instantaneously. 

| Inferior mesenteric artery. 

a | Rectum. Single or multiple break stimuli with the secondary coil at 

14 to 0 cm. had no effect. Faradic stimulation with the secondary coil at 
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14 cm, sometimes stimulated, and with the secondary coil at 7 or 0 cm. 

always stimulated, usually causing an increased rate and amplitude and a 

rise of the base line, though sometimes there was only a single spasmodic 
contraction. The latent period was very short (see Fig. 1(C). 


af 


B 
Fig. 2. A, showing the effect of ergotoxine (1 : 100,000) followed by adrenaline (1 : 250,000) 
upon the antrum of the stomach. B, showing the effect of ergotoxine (1: 150,000) 
followed by adrenaline (1: 250,000) upon the pyloric sphincter. This and one other 
experiment were the only ones in which ergotoxine had en excitatory effect; aga 


had no effect. 
The effect of ergotowine phosphate. — | 


(1) Spontaneous activity. | 
Antrum and fundus. Ergotoxine in doses of 0-4, 0-6 we 1-0 c.c. 4 
usually caused a rise of the base line with increase in the rate and ampli- 3 
tude of the contractions (see Fig. 2 A). 
Pyloric sphincter. The effect on this part was doubtful, though on one : | 
or two occasions there was definite evidence of an excitatory effect; after | | 
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a delay of some 2 or 3 min. there was a slight rise of the base line and 
increase in the amplitude of the contractions (see Fig. 2B). 
Spiral intestine, Ergotoxine in all doses had no effect (see Fig. 3.A).: 


| Fig. 3. A, showing the effect of ergotoxine (1: 150,000) followed by adrenaline (1 : 250,000) 
A _ upon the spiral intestine. B, showing the effect of ergotoxine (1 : 150,000), followed by 
i arterial stimulation (faradic, secondary coil at 0 cm.) 10 min. later, upon the fundus of 

the stomach. C, showing the effect of ergotoxine (1: 100,000) followed by arterial 


stimulation (faradic, secondary coil at 0 cm.) upon the rectum. 


Rectum and colon. Ergotoxine usually had no effect, but sometimes it 
caused a rise of the base line with increase of rate and amplitude of con- 
tractions. This effect was most marked in the colon. 
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(2) Arterval stimulation. 


Ergotoxine did not inhibit the response of wie antrum and fundus of 
the stomach, the spiral intestine, colon, and rectum, to stimulation of the 
artery, and on two occasions it actually seemed to sensitize the fundus 
and antrum to arterial stimulation, as an enhanced effect was obtained 
after the addition of the drug (see Fig. 3B and (C). 


(3) Adrenaline. 

Antrum. In general there was very little evidence that ergotoxine, 
even in massive doses, was antagonistic to adrenaline. Small doses of 
ergotoxine, such as 0-4 c.c., did not inhibit the effect of 0-4 c.c. of adrenal- 
ine. In cases where the muscle was in a weakened condition 0-2 c.c. of 
adrenaline did not stimulate. In one case when a massive dose of ergo- 
toxine, 2-5 c.c., was given, there was a marked stimulatory effect which 
lasted fully 30 min. One-half c.c. of adrenaline given 25 min. after this 
dose of ergotoxine had no effect. When an inhibitory effect occurred, it 
seemed to come on at least 10-15 min. after the ergotoxine had been 
added to the bath (see Fig. 2 A). 

Fundus. In the majority of instances small doses of adrenaline 
(0-2-0-5 c.c.) had an effect after 0-6 c.c. of ergotoxine or even larger doses. 
When antagonistic effects did seem to occur, the muscle was in a weakened 
condition. 

Pyloric sphincter. The action of adrenaline in small doses was s not in- 
hibited by even massive doses of ergotoxine except in one or two in- 
stances (see Fig. 2B). 

Spiral intestine, rectum and colon. Doses of 0-6c.c. or more of ergo- 
toxine practically always inhibited small doses of adrenaline, such as 

0-3 


Vagus-muscle preparation. 

It was, as previously mentioned, only possible to obtain a vagus- 
muscle preparation near the cardiac end of the stomach. The nerve was 
stimulated by a single break shock when the secondary coil was at 
0 cm., and by multiple break shocks when the secondary coil was at 0 and 
14cm. Increase in the amplitude of contraction was observed, but only 
that contraction was affected which coincided with the stimulation of the 
nerve. 

' Faradic stimulation, with the secondary coil at 0 and 14 cm., caused a 
rise in the base line, increase in the rate and amplitude of the contrac- 
tions for the duration of the stimulation. The response was practically 
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instantaneous. Atropine in doses of 0-4~1-4 c.c. (1 : 1000 solution) did not 
inhibit this excitatory effect, though if 1-0 c.c. of acetylcholine (1; 1000 
solution) were now given it had no effect. Previous experiments have 
shown that 0-4 .¢.c. of atropine (1: 1000 solution) will inhibit the 
effect of 1-0 ¢.c. of acetylcholine (1: 1000 solution) [Nicholls, 1933a] 
(see Fig. 4). 


Fig. 4. Muscle from the fundus of the stomach. Shows the effect of stimulation of the 
vagus nerve, and the effect upon this of atropine (1 : 200,000). B, signifies single break 
stimulus; Bb, multiple break stimuli; F, faradic stimulation. The figures denote the 
distance in centimetres of the secondary coil from the primary coil. 


Control experiments. 

When a faradic current was passed through the electrodes, which 
were placed in the solution bathing the muscle preparation without 
touching’it, no alteration in the contraction of the muscle was observed. 
Stimulation of an artery or nerve after its continuity had been destroyed 
between the point of stimulation and the muscle had no effect upon the 
motility of the muscle. | | 
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As mentioned above, it was the custom to put two strips of muscle in 
the same bath. This led to an accidental finding. When two strips of 
muscle taken from the stomach, whether from the fundus or the antrum, 
were set up together and the artery of one strip was stimulated faradi- 
cally, there was on several occasions an excitatory response not only in 
this strip but also in the other strip. This peculiar effect of “transferred 
stimulation” took place only when both strips of muscle came from the 
stomach, and it was much more evident after a previous dose of ergotoxine. 

In R. nevus adrenaline in doses of 0-1 c.c. or more had an inhibitory — 
effect upon the antrum of the stomach, decreasing the rate and amplitude 
of the contractions, while in smaller doses it had a stimulatory effect. — 
‘This effect had been already found in R. diaphanes and R. erinacea 
[Nicholls, 1933a]. In 2. clavaia, however, adrenaline in all doses 
stimulates the antrum. Nevertheless, in both R. nevus and R. clavata 
faradic stimulation of the anterior gastric artery had an se i effect 
upon the antrum. 


Discussion. 


Vagus smooth muscle and artery smooth muscle preparations have 
been obtained, and it has been shown possible to affect the spontaneous 
contractions of smooth muscle of the gut by stimulating the artery or 
vagus nerve in these preparations. 

In all cases, with the exception of the gastro-pancreatico-duodenal 
artery, stimulation of the artery with a faradic current evoked an exci- 
tatory response, whereas single break or multiple break stimuli (¢.¢. ten or 
twelve break stimuli) did not give any response. A possible explanation is 
that “peripheral summation of stimuli” as suggested by McSwiney and 
Robson [19296] is necessary before an excitatory effect is evidenced by 
the methods used in this series of experiments. These writers believe that 
this phenomenon probably represents a summation of nerve impulses in 
Auerbach’s plexus. 

The presence of a peri-arterial plexus of nerves in the skate, probably 
sympathetic in origin, has been demonstrated recently by Babkin, 
Bowie and Nicholls [1933]. It is probable that these fibres are derived 
from the coeliac plexus, and as well as carrying sympathetic fibres to the 
artery itself carry fibres in some cases to smooth muscle, as occurs in the 
mammal. Evidence of the existence of such a system has been found by 
Babkin and MacKay-Sawyer [personal communication], who on 
stimulation of the celiac plexus obtained contraction of the duodenum. 
The present series of experiments indicates that the stomach is supplied 
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by sympathetic fibres carried along the anterior gastric artery, and that 

the gastro-pancreatico-duodenal artery does not form part of the system, _ 
probably because it is a distant branch of the coeliac axis. Further, the 
spiral intestine and colon are supplied by fibres carried along the superior 
mesenteric artery, and the rectum by fibres along the inferior mesenteric 


artery. 


The effect of ergotoxine in the skate was interesting in that it differed 
markedly from that in the mammal, where it has first a stimulatory and 
then a paralysing effect upon the sympathetic nerve endings. In this — 
investigation an excitatory response to ergotoxine was usually obtained 
in the fundus and antrum of the stomach. In the spiral intestine, colon 
and rectum the drug usually had no apparent effect, and in the pyloric 
sphincter gave indications of stimulation. A further difference of effect 
was observed as an antagonistic action on arterial stimulation was never 
obtained. In fact, in one or two cases ergotoxine seemed to make the 
antrum and fundus of the stomach more sensitive to arterial stimulation. 

The effect of adrenaline following ergotoxine is also of interest. In the 
spiral intestine, colon and rectum these drugs are antagonistic in their 
action, 0-6 c.c. of 1: 1000 ergotoxine phosphate practically always pre- 
venting the action of 0-2—0-3 c.c. of 1 : 1000 adrenaline chloride. But in 
the stomach no such antagonistic action occurred, even when massive 
doses of ergotoxine were given, except when the vitality of the muscle was 
low, in which case the lessened response to adrenaline was probably due 
to loss of vitality and not to the action of the ergotoxine. These differences 
between the mammal and the elasmobranchs, and the irregularities in 
response of the different parts of the gastro-intestinal tract of the fish 
itself, are difficult to explain. 

An interesting difference between the action of adrenaline and the 
effect of sympathetic stimulation is seen in the case of the species R. 
nevus. The antrum of the stomach in the latter has a double response to 
adrenaline, which in small doses stimulates and in large doses inhibits, as 
has also been shown to be the case in R. diaphanes and R. erinacea 
[Nicholls, 1933a], while stimulation of the anterior gastric artery 
always causes excitation. This bears out the theory that the inhibitory 
effect of large doses of adrenaline is due to the special sensitivity of this 
part to the drug. [Nicholls, 1933]. 

The effect of vagal stimulation of the cardiac end of the stomach has 
one or two points of interest. Here single break shocks as well as a 
faradic current are effective, as McSwiney and Robson found in the 
mammal. Atropine, even in large doses, does not inhibit the effect of vagal 
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stimulation, though these doses will inhibit much larger doses of acetyl- 
choline, This is very interesting in view of the evidence afforded by the 
work of Magnus [1925] on the heart. 

Control experiments were performed which showed that the excita- = J 
tion must have been carried by nerves and not by conduction through 
other tissues or through the solution. These experiments make the phe- | 
nomenon of so-called ‘transferred stimulation,” spoken of above, of | 
greater significance. It is possible that some “‘excitor substance” was 
liberated from the sympathetic nerve endings of the stimulated strip, and 
this reached a sufficient concentration in the solution to affect the other 
strip of muscle. If this hypothesis is true, we have here an interesting 
example of the humoral factor in nervous stimulation. 


SUMMARY. 

1. Faradic stimulation of the anterior gastric artery stimulates the } 
antrum and fundus of the stomach; faradic stimulation of the superior ee 
mesenteric artery stimulates the spiral intestine and colon; stimulation 
of the inferior mesenteric artery stimulates the rectum. Single or multiple 
break shocks have no effect. 

_ 2. The impulses are probably conducted by peri-arterial sympathetic | 
nerves. 
3. Ergotoxine phosphate usually stimulates the antrum and fundus of 
the stomach, but has no effect upon the spiral intestine, colon and rectum, 
while it has a doubtful stimulatory effect upon the pyloric sphincter. 

4. Small doses of adrenaline, such as 0-2.¢.c. of 1: 1500 solution 
(concentration in bath 1: 5,000,000) stimulate the fundus, antrum and 
pyloric sphincter even after massive doses of ergotoxine, such as 2-5 c.c. 
of 1: 1000 solution (concentration 1 : 25,000), while in the spiral in- : 
testine, colon and rectum adrenaline in doses of 0-2-0-3 c.c. does not act : 
after 0-6 c.c. or more of ergotoxine. 

5. Ergotoxine, even in massive doses, has no effect upon arterial 
stimulation of any part of the gastro-intestinal tract. 

6. Single and multiple break shocks and faradic stimulation of the 
vagus stimulate the cardiac and fundic regions of the stomach. 

7. Atropine, even in large doses such as 1-5 ¢.c., t.¢. doses that will 
inhibit much larger doses of acetylcholine, does not inhibit the effect of 
vagal stimulation. 

My thanks are due to Dr E. J. Allen, Director of the Laboratory at Plymouth, England, 5 


of the Marine Biological Association of the United Kingdom, and to his staff, and to Dr 
B. P. Babkin of McGill University, for their aid in the carrying out of this investigation. 
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THE DIRECT CHEMICAL ESTIMATION OF 
CARBAMINO COMPOUNDS OF CO, | 
WITH HAMOGLOBIN. 


By J. K. W. FERGUSON! anp F. J. W. ROUGHTON. 
(From the Physiological Laboratory, Cambridge.) 
(Received August 6, 
INTRODUCTION. _ 


‘Tue “bound” CO, of blood is defined as the difference between 

(a) The total CO, which can be liberated by treatment with acid 
and vacuum extraction, and 

(b) The CO, present in simple physical solution. 

The bound CO, certainly consists, in large measure, of free bicarbonate 
ions, but in addition there may, under physiological conditions, be 
appreciable amounts of: | 

(i) CO, bound to hemoglobin in the ‘oes of carbamino compounds, 


as pairs by Henriques [1928]; 


(ii) CO, and/or HCO, bound to the blood proteins in other forms. 
Meldrum and Roughton [1933] have recently described experi- 
ments on the rate of uptake of CO, by blood, in which the usual "ee forma- 


tion of bicarbonate, via the reactions CO, + H,O—=H,CO,— ii + HCO,, 
was inhibited by addition of 0-1M cyanide. The action of the latter is 
to poison the enzyme, carbonic anhydrase, which normally catalyses the 
CO,+H,O—= H,CO, reaction in blood. Their experiments gave strong 
support to Henriques’ suggestion that CO, can combine rapidly, 
reversibly and in significant amounts with the hemoglobin of the blood 
to form compounds of a carbamino type according to the —: 


Hb NH, +C0,—+Hb NHCOOH — Hb NHCO0 +H. 


The number of free NH, groups in the hemoglobin is known to increase ~ 
with pH, and in agreement with this the amount of compound formed 
was found to be greater as the pH was made more alkaline. It was also 
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increased by lowering the temperature, and by substituting reduced 
hemoglobin for oxyhsmoglobin. 

The objectives of the present papers were three in number: 

(i) To replace, if possible, the indirect method of Meldrum and 
Roughton by a direct chemical method, which should be able to separate 
the carbamino-bound CO, from the bicarbonate and to estimate the 
former by direct chemical analysis. If this could be done, the actual 

_ existence of carbamino-bound CO, in the blood could scarcely be 
doubted. 
| (ii) To estimate the amount of carbamino CO, under physiological 
conditions of temperature and pH, and thence to assess the importance 
of such compounds in the actual transport of CO, in vivo. The previous 
method of Meldrum and Roughton i is ill suited to this important 
problem. | 
H (iii) To study further the effect of various factors upon the formation 
: of carbamino compounds between CO, and hemoglobin, and to discuss 
the relation of such compounds to the recent work of others on the state 
of CO, in blood. 
Of these (i) is dealt with in the present paper, whilst (ii) and (iii) will 
be treated in the adjoining paper [Ferguson and Roughton, 1934]. 
A preliminary communication on these matters has already been given 
in this Journal [Ferguson and Roughton, 1934a]. 
- Meldrum and Roughton [1933] made a start on a direct chemical 
method, by trying out with hemoglobin solutions the procedure which 
Faurholt [1925] has used so successfully for estimating the carbamino 
compounds of ammonia, methylamine, glycine, etc. This consists in 
adding sufficient NaOH to bring the reaction to a pH of 12-13, thus - 


converting the whole of the H,CO, and the HCO, of the solution to the 


form of CO,. The CO, is then precipitated by addition of excess of BaCl,. 
The barium salts of the carbamino compounds are, however, soluble, 
and at this very alkaline pH are sufficiently stable to be separated by 
centrifuging from the BaCO, precipitate. From the CO, content of the 
supernatant fluid, as estimated either by titration with acid or by gaso- 
metric analysis, the carbamino content of the original solution can be 
calculated. 

The preliminary results of Meldrum and Roughton were such as to 
encourage us to develop the method into a quantitative one. 

In the present paper Section I describes the technique and special 
precautions necessary for the successful application of the method to . 
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purified hemoglobin solutions, whilst Section IT gives the evidence that 
the compound estimated in Section I is a direct carbamino compound 
of CO, with hemoglobin. It may be well to emphasize at the outset that 
the method described below only claims to measure the CO, combined 
with hemoglobin in the carbamino form and does not measure the 
CO, or bicarbonate bound to the blood proteins in other forms, if any. 


Section I. EXPERIMENTAL METHODS AND CONTROLS. 


_ Introduction, In order to appraise the reliability of our method, it 
will be well first to describe shortly the factors concerned in the rate of 
- dissociation of carbamino compounds, since these have largely governed 
the actual development of the technique. 

Faurholt has shown that the simpler carbamino compounds (e.g. 
of ammonia, glycine, etc.) dissociate according to the scheme 


PNHCOOH PNH,+CO,, (1) 
CO, + OH = HO6,, (2) 
HCO,+0H CO,+H,0, 


all three reactions proceeding from left to right. 


7 The rate of dissociation becomes slower as the pH is made more 

alkaline—thus in the case of glycine at 18°C. the time for 20 p.c. 
dissociation at pH 12 is c. 6 min., at pH 13 c. 60 min. and at pH 14 c. 
600 min. At 0°C. the times are about 20 times longer. In this very 
slow pH range, t.e. above c. pH 12, the overall rate of dissociation seems 
to be limited by some intrinsic property? of the carbamino compound, but 
at lower pH’s the overall rate is conditioned by the rate of reaction (2), 
1.e, the rate at which CQ,, one of the products of the actual dissociation, 
is removed from the sphere of action, It is reasonable to suppose that the 
same principles would apply to the dissociation of the carbamino com- 
pound of a complex protein like hemoglobin. 

In hemoglobin solutions, even if well purified, there is, however, a 
complication not met with in the simpler cases studied by Faurholt, 
namely the presence of abundant amounts of the enzyme, carbonic 
anhydrase. This enzyme speeds up reaction (2) enormously, and must 


* A simple explanation of this may be suggested, namely that CO, can only dissociate 
from the carbamino molecule, PNHCOOH, and not from its ion, PNHCOO. If so, then the 
rate of the first stage in the dissociation of CO, should be proportional to [PNHCOOH], 
and should therefore, as the pH is made more alkaline, decrease until finally it becomes 
slower than the rate of reaction (2). . 
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thus correspondingly speed up the overall rate of dissociation of the 
carbamino compound at pH<12. If no loss of the latter is to occur in 
the process of estimation, it is absolutely necessary, not only to add 
sufficient alkali to bring the pH to the region where the overall rate of 
dissociation is independent of reaction (2), but also to mix the alkali 
with the hemoglobin so thoroughly and rapidly that there is not 
time for appreciable carbamino dissociation to occur in local patches of 
the fluid, where the hemoglobin is in excess during the actual mixing 
process (where, in consequence, the pH would be less than the critical 


Fig. 1. 


value of, say, 12). On this account it was impracticable to use ordinary 
_ methods of mixing the reagents together in beakers, but it was necessary 
instead to adopt the arrangement now to be described. 
| Experimental method. Three 5 c.c. syringes of equal bore are suspended 
vertically from a rigid metal bar as shown in Fig. 1. Below them is a 
movable platform, which can be raised and lowered by turning a crank. 
When the platform is raised it pushes up the plungers of the syringes 
thereby expelling their contents simultaneously in exactly equal quan- 
tities. Pressure tubing of 2 mm. bore connects the tip of each syringe to 
a Hartridge-Roughton mixing chamber (loaned by G. A. Millikan). 
It consists essentially of a 1 mm. four-way stopcock with the barrel bored 
in such a way that the three incoming reagents are mixed in the minimum 
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time, and the mixture expelled through the fourth arm of the stopcock 
or effluent tube. In an ordinary experiment the contents of syringes 
(a), (6), (c) are as follows: 

(a) The hemoglobin solution to be analysed for carbamino CQ,. 

(6) 7 p.c. BaCl, in NaOH solution of suitable strength. The factors 
on which the latter depends will be discussed later. 

(c) Distilled water in early stages of the work (so as to make the 
analysis comparable with the controls to be described later). Lately, 
however, for reasons to be discussed below, bicarbonate solutions were 
used instead. 

The platform, syringes and mixing chamber are immersed in a water 
thermostat usually at 37-38°C. The tube leading from the mixing 
chamber protrudes from the water bath, and at the appropriate time a 
15 c.c. centrifuge tube surrounded by ice is held in a suitable position 
to catch the effluent mixture. When temperature equilibrium has been 
attained (15 min.) the platform is elevated by turning the crank. The 
three reagents are simultaneously expelled, mixed in the chamber in less 
_ than 0-01 sec., and shot out through the effluent tube. The syringes are 
emptied in about 5 sec. 

The first 2-3 c.c. of effluent are discarded. The remainder is caught in 
the centrifuge tube and immediately covered with liquid paraffin. The 
mixture is centrifuged in ice for 15 min. Ice temperature helps to 
reduce the rate of dissociation of carbamino compounds. A 5 c.c. sample 
of the supernatant fluid is then analysed for CO, by the well-known 
van Slyke technique. 

Preparation of hemoglobin solution. Nearly all our recorded experi- 
ments have been done on hemoglobin solutions, purified by Adair’s | 
method, in which washed red cells are laked with ether, the stroma 
proteins precipitated with NaCl and removed by centrifuging, and the 
NaCl and ether subsequently removed by dialysis through a collodion 
membrane. The solutions were preserved at — 10° C. and small quantities 
thawed out on the same day as they were to be used. 

Some experiments have been doneon hemoglobin solution prepared by 
laking washed cells by freezing and removing the stromata by adsorption 
with Marshall and Welker’s [1913] alumina cream. This preparation 
was abandoned because the yield of carbamino compound was only about 
two-thirds of that obtained with Adair’s hemoglobin. Itis possible that 
some of the reactive NH, groups were blocked by adsorbed alumina. 

Strength of alkali added. The addition of a large excess of alkali to a 
hemoglobin solution to secure the stability of the carbamino compound 
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was not feasible, because such treatment would quickly denature the 
hemoglobin. It is not self-evident what effect such denaturation would 
have on the yield of carbamino compound as estimated by this method. 
It would probably be diminished, but in any case serious doubts would 
be cast on the validity of the results. Indeed Henriques [1933] 
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0 
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) 0° 
Normality of added alkali (in syringe (b)) 
Fig. 2. Effect of strength of alkali added on the yield of unprecipitated CO, in bicarbonate 


controls and experiments on oxygenated and reduced Hb, at constant Poo, and CO, 
content. 


abandoned the method for this reason. On the other hand, no method of 
adjusting the alkalinity to a definite pH was readily available, nor 
indeed was the required pH known. Instead, various amounts of alkali 
were added to aliquot portions of a hemoglobin solution in equilibrium 
with a definite tension of CO,. The yield of carbamino compound was 
plotted against the strength of alkali added. Two experiments are 
illustrated in Fig. 2. | 
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At low strengths of added alkali large amounts of CO, were found 
in the supernatant fluid, presumably because insufficient-alkali had been 
added to change all the bicarbonate to carbonate. The unchanged portion 
could not be precipitated by the BaCl, since barium bicarbonate is 
soluble. The curve then passes through a minimum where sufficient 
alkali has been added to turn all the bicarbonate into carbonate but not 
enough to stabilize the carbamino compound. As more alkali is added a 
plateau is reached, which, however, rises slightly because the rate of 
dissociation is still falling perceptibly with rising pH and/or because the 
mixing in the chamber is not rapid and thorough enough, 

In controls, with an alkalinity corresponding to the middle of the 
plateau, the centrifuging was prolonged beyond the usual 15-min. 
period, These showed that during the first 15 min. of centrifuging an 
average dissociation of c. 8 p.c. must have occurred. On this basis it is 
found that the higher yield of carbamino compound at the top of the 
_ plateau can be accounted for by the smaller amount of dissociation at 
the more alkaline pH; it may therefore be taken that the efficiency of 
the mixing, per se, is adequate, and that the danger, alluded to on p. 71, 
of appreciable carbamino dissociation in local patches of the fluid during 
the mixing process has been circumvented. 

In our usual experiments the [NaOH] used corresponded to the 
middle of the plateau, and to the observed carbamino content a correction 
of 8 p.c. has accordingly been added. The actual concentration of NaOH 
mols per litre, to be used in syringe (6), was given by the formula 


[NaOH] = 10 [Hb] +[CO,], 


where [Hb]= oxygen capacity of the hemoglobin solution (in syringe (a)) 
expressed in mols/litre, [CO,]=total CO, content of the hemoglobin 
solution (in syringe (a)) expressed in mols/litre. The chief difficulties met 
with experimentally were (i) hematin formation, (ii) the effect of the 
proteins in protecting the BaCO, precipitate from complete separation 
in the centrifuge, (iii) uncertainty as to the fate of the dissolved CO, 
originally present in the hemoglobin solution. These are discussed 

Hematin formation. The difficulty encountered by Henriques [1933] 
seems to be obviated by the use of ox hemoglobin, which is known to 
be particularly resistant to alkaline denaturation. Only when the largest 
amounts of alkali were added was there any appearance of hematin 
formation. Thus by using an alkalinity corresponding to the middle of 
plateaux shown in Fig. 2 a standard yield of carbamino compound was 
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assured, and trouble from hamatin formation avoided. Our controls on 
; this point were as follows: | 
(i) In three experiments the denaturation or loss of hemoglobin was 
estimated by measuring the 0, capacity of the alkaline supernatant 
fluid. The loss was found to amount on the average to 5 p.c. of the total. 
A 2-3 p.c. loss can be accounted for by the carrying down of hemoglobin 
3 by the BaCO, precipitate. This was estimated by redissolving the washed 
: precipitate in acid and measuring its hemoglobin content colorimetrically. 
| (ii) In three experiments an attempt was made to detect denatured 
| hemoglobin spectroscopically, Sodium hydrosulphite was added to the 
| supernatant fluid to reduce all kathwmoglobin to hemochromogen—the 


, spectrum of the latter is detectable in concentrations of 2-3 p.c. in 

i reduced hemoglobin. No sign of its spectrum was seen, indicating that — 

3 less than 2 p.c. of hamochromogen was present in the supernatant. 

p ‘ Assuming that 2 p.c. hemochromogen is formed the greater part of 

t ; the loss of active hemoglobin can be accounted for. 

f | Bicarbonate controls. It was important to ascertain whether or not 

’ : hemoglobin prevented in any way the complete sedimentation of the 

4 BaCO, on centrifuging. To control this point the apparatus was used 
; exactly as before, except that the syringes were filled with the following 

e solutions: 

iy : Syringe (a): hemoglobin solution rendered almost free of CO, (¢.¢. 

i : <0-4 ¢.c./100 c.c.) by adjustment of its pH to c. 6-5 with acetic acid or 


HCl, and by repeated evacuation. 
Syringe (5): 7 p.c. BaCl, in alkali. 


ae Syringe (c): a solution of sodium bicarbonate of CO, content varying 

)) from 4 v.p.c.! to 300 v.p.c. 
n | The procedure was exactly that of an ordinary experiment. Analysis 
t ; of the supernatant fluid in the case of two different hemoglobin pre- 
e parations gave the series of results plotted in Fig. 3 (temperature 38° C.). 
n f At low concentrations of added bicarbonate, almost the whole of the 
Mp added bicarbonate fails to be precipitated, but as the concentration is 
d raised the proportion precipitated rapidly increases until at a bicarbonate 
content =50 v.p.c. CO, only about 0-5 v.p.c. CO, remains in the super- 
3] natant fluid. The following factors were without influence: (i) oxygenation 


' or reduction of the hemoglobin, (ii) adjustment of the initial pH of the 


1 For convenience the total CO,, the dissolved CO,, the bicarbonate and the carbamino 
concentrations are, in these two papers, all measured in the customary physiological units 
of volumes p.c, (v.p.c.). This means the number of 0.c. of gaseous OO, [x.7.P.] per 100 c.c. 
of solution, to which the concentration of the substance in question is chemically equivalent. 
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hemoglobin solution to c. 8-0 instead of to c. 6-5, (iii) presence of traces 
of octyl alcohol. 

This interesting and somewhat unexpected relationship is almost 
certainly to be explained by the protective action of hemoglobin on the 
precipitation of oo At low concentrations of NaHCO, the ee 


e Plasma 


& 


w 


2 


Total CO, to be precipitated, i.e. [HCO,] expressed as v.p.c. CO,, in syringe (c) 
as BaCO, in the presence of Hb. 


o =0,Hb 
Hb} of sample of hemoglobin, 


e =0,Hb 
ofseeond sample of hemoglobin. 


Labelled points enable comparison to be made of the precipitability of BaCO, in various 
protein containing solutions. 


 ‘Unprecipitated CO, (as v.p.c. CO,, in syringe (¢)) 


of BaCO, should grow relatively slowly and there would be time for 
hemoglobin to be absorbed over the surface of the incipient BaCO, 
nuclei, and thus prevent them growing to a sufficient size to come down 
in the centrifuging; at higher concentrations of NaHCO, the BaCO, 
precipitate should, however, grow faster and have time to reach a centri- 
fugable size before it becomes covered in whole (or perhaps a part is only 
possible in these circumstances) with a protective layer of hemoglobin. 
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The marked discrepancy between the two curves plotted in Fig. 3 

; shows that individual hemoglobins differ quite markedly in their pro- 
| tective power. Similar experiments with laked blood, plasma and serum 
| show that the other proteins of the blood are far more effective than 
hemoglobin in obstructing the precipitation of BaCO,— isolated examples 
of this are also shown in Fig. 3. This, however, is not a serious drawback 
from the physiological point of view, since experiments by the method 
of Meldrum and Roughton [1933] suggest that the plasma proteins 
do not, under physiological conditions, bind appreciable amounts of CO, 
in the carbamino form. For this reason we have not yet tried to extend 
our present technique beyond the case of purified hemoglobin solutions. 
We have in the main studied the carbamino content of hemoglobin 
solutions containing bicarbonate=30-60 v.p.c., since (i) the blank 
corrections for unprecipitated bicarbonate are according to Fig. 3 
relatively slight, (ii) this is the range of concentration which occurs under 
physiological conditions in the blood. 

In an actual carbamino-COQ, estimation conditions are not quite the 
same as in the preceding controls, for in the former the bicarbonate 
which it is wished to precipitate is “‘molecularly” mixed with the hemo- 
a globin, before it is driven into the mixing chamber, and so the protective 
.° action of the hemoglobin might be somewhat different from what it is 
in the controls, wherein the bicarbonate is placed in a separate syringe 


from the hemoglobin. 
) L: To meet this point, a further series of rather complex controls was 
ft carried out. In the first experiment of one control: | . 
i i Syringe (a) .contained 10mM. reduced hemoglobin, adjusted to 


: pH ec. 8-0 by addition of CO,-free NaOH, and then NaHCO, added 
7 thereto so as to make the solution =32-3 v.p.c. CO,. On standing a 
small amount of dissolved CO, will form (of the order of 0-3 v.p.c.) 
and probably a larger amount of carbamino compound (of the order of 
8 2-5 v.p.c. CQ,). 

Syringe (b) contained the usual BaCl,-NaOH mixture. 

Syringe (c) contained distilled water. 

; - Analysis of the supernatant fluid showed that of the 32-3 v.p.c. CO, 
3 | in solution (a) 5-73 v.p.c. were unprecipitated. 
3 Therefore 5-73 v.p.c.=unprecipitated bicarbonate + carbamino CO, 
3 of solution (a). 
re i In the second experiment of the same control: syringes (a), (b) 
contained the same solutions as in the first experiment of the sumiaitad 
syringe (c) contained NaHO, solution = 100 v.p.c. CO,. 
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On the basis of Fig. 3 the effect of this should be to precipitate the 

whole of the bicarbonate of solution (a), apart from a small blank = 0-2 
v.p.c. CO, which occurs even at high bicarbonate concentrations. 

’ Analysis showed that in this case 3-93 v.p.c. CO, of solution (a) was 
unprecipitated. Subtracting from this a blank of 0-2 v.p.c. we get a 
residue of 3-73 v.p.c. CO, which must be due to the carbamino os of 
solution (a). 

The unprecipitated CO, of solution (a) thus amounts to 


5-73 — 3-73 =2 v.p.c. OO,. 


In the third experiment of the control: 

Syringe (a) contained 10 mM. reduced Hb free of CO, at pH 8-0 with 
no added bicarbonate. | 

Syringe (6) contained the usual BaCl,-NaOH mixture. 

Syringe (c) contained NaHCO, solution =30 v.p.c. CO,. 

The unprecipitated CO, in the actual supernatant fluid was found to 
be 0-74 v.p.c. Since each syringe contributed exactly one-third of the 
whole mixed fluid this means that 3x 0-74, 4.¢. 2:22 v.p.c. CO, of 
solution (c) was unprecipitated. This agrees so closely with the previous 
value of 2:0 v.p.c. as calculated from the first and second experiments of 
the control that it seems fair to conclude that the precipitation of BaCO, 
from a solution containing NaHCO, =30 v.p.c. CO, is the same whether 
the bicarbonate is molecularly mixed with the hemoglobin before or 
after being driven into the mixing chamber. Five controls of this kind 

are listed in Table I. 


I, 

Condition and Bicarbonate in CO, unprecipitated v.p.c. 

concentration syringe (a) 

of hemoglobin in V.p.c Exp. 1 — Exp. 2 Exp. 3 

10 mM. a8 ey 30 5-73 —3°73 =2-00 2-20 
10 mM. o 30 3-24 — 1-19 =2-05 2-06 
10 mM. reduced 8 74 -19 =5-5 7-0 
Temperature 37° C. 


In the first four experiments of Table I the agreement is within 
experimental error. The technique therefore seems sound, both for Oxy- 
and reduced hemoglobin, when the bicarbonate concentration is greater 
than 30 v.p.c. CO,. In the last experiment, however, there is a serious 
discrepancy, which is perhaps not unexpected, since the bicarbonate 
concentration, viz. 8 v.p.c. CO,, lies in the low range, where the effect of 
hemoglobin in preventing the sedimentation of BaCO, precipitates is 
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relatively very serious. On this account we do not place any trust in our 
method, as so far developed, for concentrations of bicarbonate less than 
30 v.p.c. CO,, though luckily the method seems to be sound, as regards 
this particular matter, in the physiological range of bicarbonate con- 
centration. 
From these results it is clear that, unless the bicarbonate concen 
tration in the hemoglobin solution exceeds 100 v.p.c. CO,, a compen- 
satory amount of NaHCO, should be placed in syringe (c). This has been 


- done in our recent experiments, and we intend to do so always in the 


future. Some of our earlier experiments were carried out without proper 
attention to this factor—except in cases where approximate allowance 
was possible the data so obtained have been discarded. 

Two experiments, which were in all respects similar to the bicarbonate 
controls except that distilled water was used in syringe (a) in place of 
hemoglobin, showed only minimal traces of CO, in the final supernatant 
fluid—viz. 0-00 and 0-08 v.p.c. respectively. 

CO, controls. The experiments described under the heading “Bicar- 
bonate controls”’ fall short of being complete in one important respect, 
namely that no appreciable dissolved CO, is involved. When a CO,- 
equilibrated hemoglobin solution is suddenly made alkaline, the dis- 


solved CO, may not all be converted into CO,, even though this reaction 
would be catalysed by the abundant amounts of the enzyme, carbonic 
anhydrase, present in all samples of Hb prepared by Adair’s method. 
A part of the dissolved CO, may combine with hemoglobin to form new 
carbamino compounds which would, unless controlled for, be reckoned 


as preformed carbamino CO,. It will be remembered that hemoglobin, 
_ like other NH, compounds, forms carbamino compounds more readily 


at alkaline than at neutral pH [Meldrum and Roughton, 1933). 

This source of error was investigated in the following way: 

Syringe (a) contained 10 mM. oxyhwmoglobin free of CO, pH 
c. 

Syringe (b) contained the usual BaCl,-NaOH mixture. 

Syringe (c) contained NaHCO, solution = 100 v.p.c. CO,, equilibrated 
with a CO, pressure of 75 mm. Hg at 37°C. | 

The supernatant fluid contained 0-38 v.p.c. unprecipitated CQ,. 
Allowing the usual small blank for unprecipitated bicarbonate this would 
mean that 17-5 p.c. of the dissolved CO, in solution (c), 1.e. 0-93 v.p.c. CO,, 
was unprecipitated, presumably because it formed carbamino compounds 
when the hemoglobin was mixed with alkali. Roughly the same result 
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was found when reduced hemoglobin was used in place of oxyhs#mo- 
globin, and when the initial pH was c. 8-0 instead of c. 6-8. _ 

Experiments of this type are also not quite perfect, in that the 
dissolved CO, was not in molecular contact with the hemoglobin before 
the solutions were driven into the mixing chamber. To meet this point 
roughly: 

Syringe (a) contained 10 mM. oxyhzmoglobin equilibrated with CO, 
pressure =85 mm. Hg total CO,=31-5 v.p.c., pH =c. 6-8, dissolved CO, 
practically the same as in the previous experiment. Under these con- 
ditions oxyhsemoglobin only binds a very small amount of carbamino CO,. 

Syringe (b) contained the usual BaCl,-NaOH mixture. 

Syringe (c) contained NaHCO, solution = 100 v.p.c. CO,. 

Analysis of the supernatant fluid showed, that after the usual blank 
corrections had been made, 1-56 v.p.c. CO, of solution (a) was unpre- ‘ 
cipitated. 

The latter =the carbamino CO, originally present in (a)+ a fraction 
of the dissolved CO, originally present in (a). 

Unfortunately we had no means of knowing how much preformed 
carbamino CO, was present in solution (a), but it is not unreasonable, 
from our general results, to assume that it was sufficient to account for 
the discrepancy between the value of 1-56 v.p.c. CO, in the present 
experiment and the value of 0-93 v.p.c. CO, in the previous experiment, 
i.e. that the preformed carbamino COQ, in solution (a) amounted to 
c. 0-6 v.p.c. CO,. 

We therefore feel on fairly safe ground in holding that the behaviour 
of dissolved CO, , when present in the hemoglobin syringe, does not differ 
materially from its behaviour when present in one of the other syringes, 
provided that the hemoglobin solution does not contain less bicarbonate 
than 30 v.p.c. CO,, and that the total bicarbonate supplied by the three 
syringes is adequate (videsubsection on “ Bicarbonate controls”’). Inactual 
estimations carried out under these conditions we propose to allow for 
the effect of dissolved CO, by subtracting from the unprecipitated CO, 
a blank=15 p.c. of the dissolved CO, initially present in the hemoglobin 
solutions. | 

In much of our earlier work on dissolved CO, controls we failed, 
through ignorance, to have enough bicarbonate in the hemoglobin 
and/or other solutions. In these cases 70-90 p.c. of the dissolved CO, 
was unprecipitated: a large part of this was probably to be accounted 
for, not by new carbamino formation when the solution was made 

suddenly alkaline, but by imperfect precipitation of BaCO,. No signifi- 
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cant difference, however, was found between oxy- and reduced hemo- 
globin, even under these unfavourable circumstances. : 

Recoverability of added carbamino CO, (in the form of ammonium 

carbamate). In this test the contents of the syringes were: 

(a) Hb solution almost free of CO, (<0-5 v.p.c.). 

(b) 7 p.c. BaCl, in NaOH. i 

(c) Asolution of ammonium carbamate, CO, content = 114 v.p.c., pre- 
pared by shaking a solution of NH, in NaOH with CO, at 0°C., and 
removing any carbonate so formed (as distinct from carbamate) by 
precipitation with excess of BaCl,. 

In the mixed fluid the carbamino CO, should have been 38 v.p.c.; 
the amount actually recovered in the supernatant fluid was a shade more, 
viz, 39-2 v.p.c. 

Summary of reagent strengths and corrections. For convenience the 
solutions in an ordinary experiment and in the two most important 


‘controls are summarized in Table II. 
II, 

Exp. (a) (b) (c) 
Ordinary ee emaaty 7 p.c. BaCl, in NaOH NaHCO, solution 
Bicarbonate control Hb solution CO, free 
Co, control ” ” 


The corrections to be applied to experimental results may also be 
summarized as follows: 
(I) For errors tending to high results: : Approximate correction 
(1) Dissolved CO,—carbamino compound 15 p.c. of dissolved CO, 
of CO, by Ba 
(2) Incomplete precipitation of CO, by V.p.c. 


(1) Loss of Hb in BaCO, precipitation 2-3 p.c. of carbamino CO, 
(2) Dissociation of carbamino compound 8 p.c. of carbamino CO, 
centrifuging 


In most cases the sum of all these corrections did not amount to 
more than 0-5 v.p.c. COQ,. 

The calculation of the “aecaiie in a typical experiment. Oxygen capacity 
of hemoglobin solution = 22 v.p.c. 

Reduced Hb solution equilibrated at 38° C. with pCO, =32-6 mm. Hg. 

Total CO,=31-0 v.p.c. in equilibrated solution. 

CO, content of supernatant fluid=0-97 v.p.c. CO,, t.e. 0-97 x3=2-9 
v.p.c. COQ, in terms of Hb solution in syringe (a). 
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Corrections for 

(i) Bicarbonate control—subtract 0-2 v.p.c. 

(ii) Dissociation of carbamino CO, during centrifuging, and carrying 
down of Hb by BaCO, precipitate—add 10 p.c. of (2-9—0-2), 1.e. 0-27 v.p.c. 

(iii) Dissolved CO, which turns into carbamino CO, on making 
alkaline—subtract 15 p.c. of dissolved CO, content of Hb solution in 
syringe (a), 1.e. 15 p.c. of 2-07 =0-31 v.p.c. 

Net preformed carbamino 

CO, = 2-9+0-27 — 0-2 — 0-31 =2-65+.0-4 v.p.c. 


Section II. EvipENCE FOR THE NATURE OF THE CO, COMPOUND 
ESTIMATION IN Section [. 


A. Evidence that the CO, found in the supernatant fluid is bound to — 
hemoglobin. The unprecipitated CO, (apart from that allowed for by the 
various blank corrections) must be bound to some compound in the 
hemoglobin solution, otherwise it could not escape precipitation by 
barium. In hemoglobin solutions, after dialysis by Adair’s method, 
the only possible substances which could bind CO, would be either 
hsemoglobin, or one or more of the other colloids (including enzymes) of 
the red blood corpuscles, which are not removed in the precipitation 
process. Three arguments point to the binder being, in the main, hemo- 
globin : 

(i) There is no other colloid, present in sufficient quantity to be 
likely to bind the amounts of CO,, which is actually observed to be 
bound. 

(ii) The amount bound, at constant pH, temperature and [CQ,], is 
roughly proportional to the hemoglobin concentration. This is shown by 
the three experiments at different concentrations of reduced hemoglobin 
listed in Table ITT. 


TaBz III. Effect of hemoglobin concentration. 


Hbin ‘Temp. Approx.  Carbamino ™M. carbamino CO 
mM. /litre °C, pCo, pH CO, v.p.c. mM. Hb 
4-4 38 40 8-0 - 5-0 0-51 
$78 38 36-2 8-0+ 10-0 0-51 
13-2 38 36-5. 8-0 12-3 0-42 
Average 0-48 


(iii) At physiological pH, temperature and CO, pressure, reduced 
hemoglobin solution is found to bind appreciable quantities of CO,, but 
oxygenation of the same solution reduces the amount bound, under 
physiological conditions, practically to zero. In purified hemoglobin 
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0:5 c.c. of M phosphate buffer, pH c. 5-6, was suddenly squirted into the 
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solutions there is no substance, other than hemoglobin, which is known » 
to be affected by oxygenation. — 
On these three grounds, but especially (ili), it seems reasonable to 
take it that the unprecipitated CO, is, in the main, a hemoglobin-CO, 
compound. 
B. Huidence that the hamoglobin-CO, compound ts carbamino com- 
pound. (i) This is strongly suggested by the behaviour shown by the 
compound in the cqurse of its separation and estimation, as described i in 
Section I. —~— 
(a) The compound is not precipitated by BaCl, at alkaline pH. 
(6) The compound dissociates less rapidly as the pH is made more 
alkaline, and is relatively stable at 0° C. above pH c. 12. 
(c) The compound is rendered less stable by rise of temperature. 
In all these three respects the compound behaves in a manner similar 
to the carbamino compounds of the simpler compounds—ammonia, 
glycine, etc.—as studied by Faurholt. 
(ii) If the CO, compound is a carbamino one, acidification, according — 
to Faurholt, should cause the direct splitting off of CO, molecules. 
This was tested as follows: 
2-0 c.c. of supernatant fluid from an experiment, as in Section I, were 
treated with M/7 KCN (80 as to poison the carbonic anhydrase, which is 
still present and active in the supernatant fluid) and then placed in an ~ 
8 ¢.c. vessel attached to a manometer. By means of a small syringe, 


vessel, which was then shaken violently for 10 min. The course of CO, 
evolution, as obseryed manometrically, is shown in Fig. 4, A. 

The large-output of CO, during the first 15 sec. is due to the fact 
that the CO, molecules are split off more rapidly from the Hb-CO, 
compound than they can be hydrated - ; 


(by the reactions CO, +H,0 +H,CO, H +HCO,). 


Those CO, molecules which have not time to be hydrated in the 15 sec. 
therefore escape into the gas phase, only to be reabsorbed again during 
the subsequent shaking on account of the slow hydration reaction. 

If, however, the cyanide is omitted so that the carbonic anhydrase 
is fully active, the hydration reactions should be rapid enough to take 
up the CO, as fast as it is formed, so that in this case there should be no 
“overshooting.” Fig. 4, B, shows that this is indeed the case. The final 
pH im Fig. 4, B, was c. 1 pH unit more acid than in Fig. 4, A: sta iu 
ie the end point is different. 
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Fig. 5 shows a similar pair of experiments with a solution of am- 
monium carbamate (free from carbonate), in place of the Hb-CO, 
solution. In the first of these (Fig. 5, A) the ammonium carbamate (which 
contains no carbonic anhydrase) was simply mixed with phosphate 
buffer, so that the result as regards “‘overshooting” should have been, 
and indeed was, similar to that of Fig. 4, A. In the second one (Fig. 5, B) 


100 200 400 
Seconds 


Fig. 4. Course of CO, evolution when alkaline carbamino containing hemoglobin mixed 
suddenly with phosphate buffer pH 5-6. A, with M/7 KCN added to Hb, i.e. carbonic 
anhydrase therefore inactive; B, no KCN added, i.e. carbonic anhydrase active. 
Final pH in A more alkaline than in B. Temperature 16° C. 


carbonic anhydrase was deliberately added and the “overshooting” 
effect is now eliminated as in Fig. 4, B. In the two experiments shown 
in Fig. 5 the final pH’s were the same, and thus the end points were also 
identical. | 
This same kind of test has been applied successfully by Krebs and 
Roughton [1934] to other reactions in which CO, is directly produced. 
Its success, in the present instance, shows that a large proportion, at 
any rate, of the CO, bound in the supernatant fluid is bound as CO,, 


and not as HCO, or CO,. Had the latter been the case, acidification 
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should have led to a smaller evolution of OO, during the first 15 sec., 


when cyanide is present so as to poison the carbonic anhydrase, than if 
the latter is fully active. 

(iii) The effect of pH and temperature on the formation of the 
hemoglobin-CO, compound agrees closely with expectation (based on 
Faurholt’s work) if the compound is a carbamino one. Our study of 
the effect of these factors and ons of the effect of oxygenation is described 


' 0 200 400 600 800 
Seconds 


Fig. 5. Course of CO, evolution when ammonium carbamate (NH,COONH,) mixed suddenly 
with phosphate buffer (pH 5-8). A, without added carbonic anhydrase; B, with 
added carbonic anhydrase. Temperature 0° C. Final pH c. 6-8. 


in more detail and discussed in the adjoining paper [Ferguson and 
Roughton, 19345]. The results given there also confirm those obtained 
by Meldrumand Roughton[1933] by their quite different method, which 
goes to show that the same type of compound was being dealt with in 
their case, as in ours. 

These -various lines of evidence converge to show that the CO, 
compound found in the supernatant fluid, in the estimations of Section I, 
is a carbamino compound of CO, with hemoglobin. This will be accepted 
by us, for the present, as a working hypothesis, and, as such, made use 
of in our adjoining paper. 
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SUMMARY. 

1. A method is described for precipitating, as barium carbonate, 
practically the whole of the bicarbonate, and most of the dissolved CO, 
present in hemoglobin solutions, which have been equilibrated with gas 
mixtures containing CO,. It consists in mixing suddenly ina Hartridge- 
Roughton mixing apparatus, (a) the solution of hemoglobin containing 


‘CO,, (6) 6 p.c. BaCl, dissolved in a strength of NaOH, (c) NaHCO, 


solution of suitable strength. The fluid emerging from the mixing chamber 
is caught in a centrifuge tube, and at once centrifuged for 15 min. at 
about 1° C. The BaCO, precipitate is found in the centrifugate. 

2. The supernatant fluid is analysed for unprecipitated CO, in the 
van Slyke gasometric apparatus. Appreciable amounts are often 
found: evidence is given that these are mainly due to preformed carb- 
amino compounds of CO, with hemoglobin in the original hemoglobin 
solution. 

3. In computing from the CO, content of the final supernatant fluid 
the actual amount of preformed carbamino CO, in the hemoglobin 
solutions, blank corrections have to be allowed for (a) the dissociation 
of the carbamino compounds during centrifuging, (b) hematin formation, 
(c) the carrying down of some of the hemoglobin with the BaCO, pre- 
cipitate, (d) the not quite complete precipitation of the bicarbonate, 
(e) the conversion of some of the dissolved CO, originally present in 
the hemoglobin into new carbamino compounds when the mixture is 
suddenly made alkaline. 

The overall effect of all these corrections is, however, slight compared 
with the amount of carbamino bound CO, often found in hemoglobin 
solutions at 37° C. over the pH range 7-9. 

4. The method is not at present applicable to ails, serum, laked 
blood, or to purified hemoglobin solutions containing less bicarbonate 


than that corresponding to about 30 v.p.c. CO,. 
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INTRODUCTION. 
"8 In our previous paper [Ferguson and Roughton, 1934] we have 
® described a direct chemical method of separating CO, bound to hemo- 
‘ globin, and have given evidence that this CO, is combined with the 
% —NH, groups of the hemoglobin, thus forming a compound of a car- 
. bamino type. 
In Section I of the present paper we deactibe the effect of pH, tem- 
is perature and oxygenation upon the stability of this compound, and we 
also discuss the meaning of these effects from a theoretical standpoint. 
4 In Section II we try to appraise the physiological importance of the 
i carbamino hemoglobin CO, compound, using for the purpose experiments 
on oxygenated and reduced hemoglobin solution at physiological pH’s 
d and temperature. Finally, in Section III we deal with the relationship 
bs of these carbamino compounds to the recent work of others on the state 


of CO, in blood and consider also the question of the appropriate nomen- 
clature to be used. — 


Szction I. Tue errect or pH, TEMPERATURE AND OXYGENATION 
UPON THE CARBAMINO COQ,-HAEMOGLOBIN EQUILIBRIUM. 


A. Experimental. 
The following procedure was used: Hemoglobin solution, prepared 


from ox blood by Adair’s method, was adjusted to 22-4 v.p.c. oxygen 
capacity, and treated with such amount of N NaOH as would bring the 
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pH after equilibration roughly to the desired vaiue. 10 c.c. of this 
solution were reduced in nitrogen or oxygenated in room air, and were 
then equilibrated in a tonometer with partial pressures of CO, ranging 
from 30 to 90 mm. Hg for 15-20 min. in a water bath at constant 
temperature. Most of the experiments were done at 38° C. The solution 
was separated from the gas phase by letting it run into a glass tube 
fastened to the end of the tonometer by large bore rubber tubing. 
Communication between the tonometer and the tube was then cut off 
by closing a large bore (1 cm.) stopcock which had so far been left open. 
(The tonometric technique was identical in principle with that of 
Austin e al. [1922].) The gas phase was analysed in a Haldane 
apparatus, and a 1 c.c. portion of the solution was analysed for total 
CO, and O, in the van Slyke-Neill apparatus. Syringe (a) of the 
apparatus described in Section I of our previous paper was then filled 
from the remaining CO, solution, and together with the syringes con- 
taining the other reagents was set up in the bath at 38°C., and the 
carbamino analysis completed as in our previous paper. 

The pH of the equilibrated CO,-Hb solution was not measured 
directly but has been calculated approximately by the Henderson- 
Hasselbalch equation: the error in the values given below may 
amount to as much as 0-1 pH. 


(1) The effect of pH. 

A sample of hemoglobin solution was divided into two parts, to 
which were added differing amounts of NaOH, so that when the two 
solutions were equilibrated with the same pressure of CO, , a pH difference 
of roughly 0-8 resulted. A rise of pH from c. 7:8 to c. 8-6 is seen to 
increase the carbamino-bound CO, nearly 6-fold (vide Table I). This — 


Carbamino 
pCO, Total CO, (cor- 
Object of | Hb concentration Temp. a (mm, Co, rected 
experiment in mM. /litre Pp 


Hg) V.p.c. V.p.c.) 
10 (reduced 8 78 M5 82405 
Effect of pH {10 (reduced 38 24.05 
10 (reduced) 200 «7:35 
10 38. LO 
Effect of 10 (reduced 38 850s 2-6 


agrees not only with Faurholt’s results on simpler amines, but also 
with the results of Meldrum and Roughton [1933] on hemoglobin. 
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(2) The effect of temperature. 6 

Two identical solutions of hemoglobin were equilibrated with the 
same pressure of CO, at temperatures of 20 and 38° C. respectively. The. 
affinity is markedly lowered by this rise of 18° C. (vide Table I) but not 
to the extent found in Meldrum and Roughton’s experiments [1933]. 
In the latter, however, conditions were somewhat different, as will be 
evident from the theoretical discussion given later. 


(3) The effect of oxygenation. 

The pair of experiments on this factor in Table I is typical of what 
has been consistently observed throughout this research, namely that 
under otherwise parallel or nearly parallel conditions, appreciably more 
carbamino CO, is bound to reduced hemoglobin than to oxyhsmoglobin. 
This agrees with the results of Henriques [1928] and of Meldrum and 
Roughton [1933]—its theoretical significance is discussed in the next 
part of this Section. 


B. Theory of the effect of pH, temperature and oxygenation 
upon the carbamino equilibrium. 
(1) The effect of pH. 
Consider the combination of CO, with one particular —NH, group in 
a protein molecule (PNH,). According to present views the following 
reactions should be concerned in the carbamino equilibrium: | 


PNH, PNH,+H, 
equilibrium constant K,=[PNH,] 
PNH, +C0, => PNHCOOH, 
equilibrium constant K,=[PNH,] [CO,]/[PNHCOOH] 
(1:3) 


equilibrium constant K,=[PNHCOO] [H]/[PNHCOOH]. 


It is assumed, following Meldrum and Roughton [1933], that CO, 
cannot — directly with a molecule containing a charged nitrogen 


atom, PNH,. 

At constant [CO,] and [total protein] rise of pH wil] cause more 
carbamino formation, since according to (1-1) there will be available 
more of the form which can combine with CO,, viz. PNH,, and further- 
more, according to (1-3), the product so formed, viz. PNHCOOH, will 
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be removed more completely from the sphere of action by ionization, 
thus enabling reaction (1-2) to occur to a greater extent. These two 
effects are cumulative. In a protein molecule a rise of pH may also bring 
into action new —NH, groups, which at the original pH were dormant 
through being almost entirely in the —NH, form. 

In experiments described later it will be found that the amount of 
carbamino-bound CO, formed by a given hemoglobin solution, when 
equilibrated with different pressures of CO,, was very little altered by 
increasing the latter—it might even be slightly reduced. This is explained 
as follows: At higher pCO,, the equilibrium pH is more acid—the relative 
amount of —-NH, therefore decreases and this may more than counter- 
balance the advantage of higher pCO, as regards carbamino formation. 


(2) The effect of temperature. 
(a) At constant pH. K,, the ionization constant of the process 


PNH,— PNH, +H, increases nearly 2-fold per 10°C. rise. This is known 
from experiments on the heat of combination of acid with hemoglobin 
[Roughton, 1930]. At higher temperatures there will thus be more 
PNH, available to combine with CO,; the affinity of CO, for PNH, in 
reaction (1-2) is, however, lowered by rise of temperature, so that the 
final overall temperature coefficient, Q,,, for the affinity will equal 
(Qo for K,) +(Q4_ for K,) and should therefore be small. 


(b) At constant [PNH,]/[PNH,]. Here again there are two effects, 
which in this case are in the same direction. Increased temperature will 
decrease the amount of CO, bound at constant [PNH,]: furthermore, if 


[PNH,]/[PNH;) remains constant (Hy) must increase nearly 2-fold per 
10° C. rise owing to the effect of temperature on K,. This means that at 
higher temperatures the PNHCOOH formed by equation (1-2) will be 
less efficiently removed by reaction (1-3). Now the effect of temperature 
+ 


on K; is probably very slight, and it is therefore the increase in [H] 
which is mainly responsible for the lesser degree in which PNHCOOH can 
be removed bY ionization (reaction 1-3). As already mentioned, the 


change in (Hy) i is governed by the effect of temperature on K,, and so 
the overall temperature coefficient Q,, for the affinity under these circum- 
stances should equal (Q,, for K,) x (Q,, for K,) and should therefore be large. 

The conditions in Meldrum and Roughton’s experiment approxi- 
mated to those of (6): the conditions in the experiment in our Table I 
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are, on the other hand, more close to (a). The effect of temperature 
should therefore have been much more pronounced in their case than 
in ours, as is indeed the case. 


(3) The effect of oxygenation. 

Oxyhemoglobin is generally agreed to be a stronger acid than reduced 
hemoglobin. This is almost certainly due to there being in the neigh- 
bourhood of the hematin nucleus a particular —NH, group which 


combines less readily with H ions in the case of O,Hb than in the case 
of red hemoglobin. Unpublished evidence by one of us (F. J. W. RB.) 
on the effect of pH and buffers on the heat of reaction of O, with Hb 
supports this assumption strongly. If so, then at any given pH O,Hb 
should have more —NH, available for combining CO,, and so the lower 
affinity of CO, for O,Hb would at first sight be incompatible with the 
explanations just given of the effect of pH and temperature on the 
CO,-Hb equilibrium. 

The contradiction is, however, removed if we suppose that the 
attachment of the O, to the hematin not only obstructs the combination 


of H ions with the particular (oxy-labile) —NH, group, but also obstructs 
the combination of CO, at the same place. This is'‘a quite plausible idea, 
for there is definite indication in the case of simpler —NH, compounds 


+ 
that ease of carbamino combination runs parallel with ease of H ion 
binding. Thus e.g. acetamide, CH,CONH,, does not readily form car- 


bamino compounds and only combines with H ions at very acid pH’s. 
Our theory, at present, is that at physiological pH’s and temperatures, 
CO, only forms an appreciable amount of carbamino compound with 
hemoglobin at the particular —NH, group whose acid binding power is 
affected by oxygenation and reduction. This would explain why, under 
these conditions, the carbamino binding power is so much reduced by 
oxygenation, and why furthermore CO, should have a specific effect on 
the affinity of oxygen for hemoglobin, apart from its effect on pH (cf. 
Margaria and Green, 1933]. From these considerations it should, 


indeed, follow that CO, must actually compete with H ions for possession 
of the oxy-labile —NH, group in hemoglobin, and either of them, if com- 
bined therewith, should obstruct the combination of O, with the neigh- 
bouring point in the hematin nucleus. 
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Srotion II. PHysioLoGICAL IMPORTANCE OF 
CARBAMINO-BOUND 


“In order to elucidate the réle of carbamino-bound 00, i in physio- 


logical transport of CO,,.a large number of determinations were made — - 


on the relation between CO, pressure, total bound CO, and carbamino- 


bound CO, solutions and reduced hemoglobin solutions 


prepared from the same sample of blood. These are plotted in Figs. 1, 2. 
These figures show the portion of the CO, dissociation curves of 


~~ four different samples of h»=moglobin (oxygenated and reduced) which 


lie within the physiological range. The shaded area between the oxy- 
genated and reduced curves shows the proportion of the total difference 
believed to be due to the difference in the respective carbamino contents 
of the two solutions. In Fig. 2 the actual carbamino contents are also 
plotted, this being the case in which we think the absolute values are 
most nearly correct, since the estimations were made with our latest and 
most carefully controlled technique. In the other cases, however, we 
believe that the differences in carbamino content between oxygenated 
and reduced hemoglobin solutions are as reliable, but that the absolute 
values are less certain. | 

The apparent flatness of the carbamino curve for reduced hemoglobin 
in Fig. 2 exemplifies the remarks made on p. 90. All the experiments 
were done at 38°C., and in the physiological range of CO, pressure 

pCO, = 30-60 mm. Hg) and of pH. 

Over the physiological range of CO, pressure, Figs. 1, 2 suggest that 
the carbamino-bound CO, would only amount to about 2 p.c. of the 
total bound CO, in oxyhemoglobin solutions, and to about 8-10 p.c. 
of the total in reduced hemoglobin solutions. From this it should 
follow that the carbamino-bound CO, would only be a small fraction of 
the total CO,, even in venous blood. To the physiologist, however, it is 
not only the nature of the total CO, in blood that is important, but also 
the cause of the difference in CO,-carrying power of oxygenated and 
reduced blood. In this connection it is desirable to try to assess roughly 
the extent to which carbamino-bound CO, can account for 

(a) The extra CO, taken up by reduced hemoglobin or reduced 
blood, over that taken up by oxyhsmoglobin or oxygenated blood at the 
same CO, pressure, i.e. the effect discovered by Christiansen, Douglas 
and Haldane [1914] and referred to below as the C.D.H. effect. 

(b) The increase in total bound CO, in the venous blood as compared 
with that in the arterial blood during the actual respiratory cycle. 
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A. The r6le of carbamino-bound OO, in the Christiansen- 
Douglas-Haldane (C.D.H.) effect. 


As a rule the 0.D.H. effect has been attributed entirely to reduced 
hemoglobin being a weaker acid than oxyhwmoglobin. The data plotted 
in Figs. 1, 2, however, show that in hemoglobin solutions, pH 7-0-7-4, 
25-60 p.c. of the effect is due to a difference in carbamino-bound COQ,, 
the proportion due to the latter increasing with alkanity within these 


20+ 
3 
10} 
Carbamino CO, of red.Hb 
Carbamino CO, of O,Hb 
30 40 60 
Pressure of CO, in mm. Hg 


Fig. 2. For explanation, see Fig. 1. 


limits. This would only leave a residue of 40-75 p.c. as due to the 
change in acid strength. In this connection it may indeed be pointed out 
that the considerations brought forward at the end of Section I do raise 
serious difficulties as regards calculating the change in acid strength 
of hemoglobin when CO, is present, since ex hypothesi some of this CO, 
is combined with the very —NH, group whose ionization constant is 
affected by oxygenation. 

Assuming that the results on purified hemoglobin solutions are 
applicable to whole blood, it should follow that about the same pro- 
portion of the C.D.H. effect in whole blood, viz. 25-75 p.c., should 
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be due to carbamino-bound CO,. As regards the corpuscles, the result 
is yet more striking, for in this case as much as 50-75 p.c. of the C.D.H. 
effect would be due to changes in carbamino-bound CO,, according as 
the pH of the corpuscles ranged from 7-0 to 7-4. 


B. Bole of carbamino-bound CO, in the respiratory oycle. 


In order to appraise this issue satisfactorily we ought to know the 
p.c. O,Hb, pO,, total bound CO, and pCO,, together with most of the 
other variables listed in the protocols of L. J. Henderson’s book Blood, 
both for the arterial blood and the venous blood of the animal, from which 
hemoglobin had been prepared for the estimation of carbamino-bound 
CO, under various conditions. This laborious task has not yet been 

carried out, but in the meantime an approximate idea of the réle of 
carbamino-bound CO, may be obtained, as in Margaria and Green’s 
paper [1933], by assuming that the data so far obtained may be applied 
to a typical case for which complete data are available in Henderson’s 
Blood. Taking for this purpose the same case as Margaria and Green 
used, namely the blood of C.V.C. at rest erga 1928, p. 201], the 
following approximate results are obtained. 


Tasxe II. Blood of C.V.C. [CO, expressed in volumes p.c.]. 
| Arterial Venous 


Whole Cor- Whole Cor- Whole Cor- 
blood puscles blood puscles blood puscles 
Total bound CO, 50-2 35 53°65 38-2 3°45 3-2 
Carbamino-bound CO, 0-89 2-14 1-40 3°40 0-51 1-26 
Carbamino-bound CO 


“Total bound CO. 0-018 0-061 0-026 0-089 0-15 0-40 
2 


The significance of carbamino-bound COQ, as regards the change 
from arterial to venous blood is again obvious: in the whole blood it is 
seen to claim 15 p.c. and in the corpuscles 40 p.c. of the total change. 
These figures are not so large as those given by Margaria and Green, 
but it must be noted that the electrometric method of these authors 
really claims to measure the total CO, bound in forms other than 


free HCO, (vide next Section of this paper), whereas the present paper 
only claims to measure a specific fraction of the CO, bound otherwise 


than as free HCO,, namely that bound to hemoglobin in the carbamino 
form. Other points of difference are that Margaria and Green used 
horse hemoglobin whereas we used ox hemoglobin, and that practically 
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none of their observations on reduced hemoglobin was made in the 

physiological range, whilst their oxyhemoglobin observations, though | 
nearer to the physiological range, show such a wide scatter (see especially — 
their Fig. 4) as scarcely to justify the putting forward of a computation. 

We hope in due course to obtain all the types of data referred to in 
_ the previous two paragraphs on blood and hemoglobin from the same 
animal, and thus fill up existing gaps in the presentation. Meanwhile, 
however, we feel justified in concluding that the carbamino-bound CO, 
does play an appreciable réle in the transport of CO, and an important 
one in the transport of CO, by the corpuscles; moreover, the blood when 
in active circulation only spends a time of the order of 1 sec. in traversing 
the capillaries, so that in the actual circulation events in the corpuscles 
may, indeed, be relatively more important than in equilibrium experi+ 
ments outside the body, for according to our present knowledge it is 
only in the corpuscle that rapid chemical changes in CO, combination 
occur, since 

(i) The reaction CO,+H,O0 —= H,CO, only goes rapidly in the 
presence of carbonic anhydrase which is present in the corpuscles, but 
not in the plasma. 

(ii) Carbamino binding of CO, is only known to occur to an appre- 
ciable extent with hemoglobin, and there is reason to believ t this 
reaction, like other carbamino reactions of CO, with simpler —NH, 
containing compounds, is an intrinsically rapid chemical reaction, which 
does not have, nor need, the cooperation of an enzyme. 


Szorton III. 
A. Relation of the carbamino-bound CO, in blood to other forms 
of bound CO,. 
Since 1928 several types of method have been used to investigate 
whether any of the bound CO, of the blood is present otherwise than as 


free HCO, ions. They have been in part reviewed briefly by Meldrum 
and Roughton [1933]. Consideration shows that these methods fall 
into two categories, according to whether they attempt to determine 
the whole, or some specific fraction, of the bound CO, which is present 


otherwise than as free HCO,. 
(1) Methods which attempt to determine the whole of the bound CO, 


present otherwise than as free HCO,. For sake of abbreviation this may 
be called the z-bound CO,. 
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(a) Osmotic methods. These depend on the principle that z-bound 
CO, should make no contribution to the total osmotic pressure of the 
blood. This has been looked for by studying in the presence of CO,: 

(i) The lowering of vapour pressure of blood [Margaria, 1931]. 

(ii) The lowering of the freezing point of blood [Stadie si Sunder- 
man, 1931]. 

(iii) The total osmotic pressure of the interior of - red blood 
corpuscle [Henriques, 1933]. 

(6) Electrometric methods. These depend on ‘hs principle that the 
z-bound CQ, would not exert the electro-chemical effects to be expected 


of free HCO, ions. This has been investigated by measurements of 
(i) The pK,’ of the Henderson-Hasselbalch equation in hemo- 
Blobin solutions [Margaria and Green, 1933]. 
(ii) Membrane equilibria between hemoglobin solutions containing 
CO, and their dialysates [Henriques, 1928; Adair, 1934]. 
(2) Methods which attempt to determine the carbamino fraction of 
the z-bound CO,. This may or may not represent the total z-bound 
(a) Kinetic methods—depending on the rate of uptake or output of 
CO, from hemoglobin solutions or blood, in which the enzyme carbonic 
anhydrase is deficient or inactive [Henriques, 1928; Meldrum and 
Roughton, 1933]. 
(6) Chemical method of Ferguson and Roughton (1934). 
This classification obviously raises the question of whether the whole 
of the z-bound CO, can be accounted for by the carbamino fraction, or 
whether it is necessary to postulate some other form or forms of bound 
CO, as well. The evidence given below suggests that there may exist at 
or near physiological conditions some other fraction of the z-bound CO, 
besides the carbamino fraction. For convenience we shall call this other 
fraction for the present the ‘“‘y-bound CO,.” 
Fig. 3 summarizes all these various forms of CO,, and shows their 
interrelationships with one another in blood. 
In comparing the carbamino-bound CO, with the total a-bound CQ, 
there is the difficulty that both the osmotic and the electrometric methods 
have to assume that hemoglobin is without special depressing influence 
on the activity coefficient of the bicarbonate ion. The experiments 
of Margaria [1931] and Stadie and Sunderman [1931] suggest that 
the depressing influence of heemoglobin on the activity coefficient would 
not amount at the most to more than 10 p.c. and might be considerably 
less. But if the total bound or is high, this would have a serious effect 
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onthecomputation of the z-bound CO, : thusif total bound CO,=50v.p.c., 
as in normal arterial blood, and the depressing influence of the hemo- 
globin were only 5 p.c., neglect of the latter would make the total 
z-bound CO, 2°5 v.p.c. too high, i.e. an amount of the same order of 
magnitude as the total 2-bound CO, under physiological conditions. 
However, even with this limitation, a survey of Margaria’s vapour 
pressure data [1931] and of Margaria and Green’s pK,’ data [1933] 
does suggest that in some of the cases quoted for oxyhemoglobin 


Total CO,| 
HO H* 
Total bound CO, 
HCO; x-bound CO, 
Dissolved | 
— 00, | 
| y-bound CO; 
+ 
os Fig. 3. Forms in which CO, is present in blood. 


solutions there is probably more z-bound CO, than carbamino-bound 
CO, in the pH range 7-0-7-4. Thus in a few of the data given in Margaria 
and Green’s Table IV amounts of z-bound CO, of the order of 3-10 v.p.c. 
are computed for the pH range 7-1-7-4, whilst according to our own 
data under roughly comparable conditions only 0-2 v.p.c. carbamino- 
bound CO, are found. In the case of reduced hemoglobin there is a 
- tendency in the same direction, if rather slighter, but the comparable 
data are more sparse. 

It is obviously desirable to compute the x-bound CO, and the 
carbamino-bound CQ, on the same sample of hemoglobin solution under 
identical conditions. We hope, in due course, to carry out experiments to 


BS 
ws 
a 
of 
By 
y 
a 
nd 
> 


HEMOGLOBIN CARBAMINO COMPOUNDS. 99 


this end. In three preliminary experiments worked out with Adair on 
COHb solutions the x-bound CO, content, by the membrane potential 
method, was found to be considerably greater than the carbamino CO, 
content. 

Two other lines of evidence also favour the existence of sod CO,: 

(1) Dilland Forbes [private communication] have pointed out that 
the calculation of the z-bound CO, from anomalies in the pK,’ of “a 
Henderson-Hasselbalch equation 


pH =pK,' +log [total bound CO,]/[dissolved CO,] 


is particularly convincing when both the [dissolved CO,] and the [total 
bound CQ,] are low, for in such cases the uncertainties both as to the 
activity coefficient corrections, and as to the solubility coefficient of 
CO, in hemoglobin solutions are of minimal effect. The first line of 
Exp. 4 in Table II of Margaria and Green’s paper gives an instance: 

pCO, =10-1mm., dissolved CO, =0-67 v.p.c., total bound CO,=3-15 
v.p.c., z-bound CO, = 1-50 v.p.c. Observed pH = 6:68, 0-28 more acid 
than the value required to give the pK,’ to be expected if none of the 
total bound CO, was in the z-form. + 


The activity coefficient of HCO, would have to be 50 p.c. lower than 
that assumed, if the computed z-bound CO, is to be reduced to zero. 
Dill and Forbes have informed us that they themselves have obtained 
even more striking instances of a similar kind. . 

Now at pH =6-68 and pCO,=10-1 mm. Hg, our own results would 
indicate a much smaller amount of carbamino-bound CO, even in reduced 
hemoglobin solutions. Hence almost all of the z-bound CO, in such a 
case should consist of y-bound CO,. 

Similar indications are given by the recent work of Willmer [1934] 
on the blood of fishes which inhabit the acid waters of tropical swamps. 
He has found in many cases that the pH of these bloods lies in the 
5-5-6-5 range, and that the observed pH when the bloods are equilibrated 
with pCO, =25 mm. Hg may be nearly 1-0 pH more acid than the value 
expected from the Henderson-Hasselbalch equation if all the bound 


OO, is in the form of free HCO,. This discrepancy would require an 


activity coefficient of only 0-1 for the HCO,—an impossible value—if 
it is to be explained without postulating the existence of CO, bound in 


forms other than free HCO,, and since at pH 5-5-6-5 there is unlikely 
to be appreciable carbamino-bound CO,, it seems probable that y-bound 
7—2 | 
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CO, is present in these bloods in appreciable amounts and may play a 
significant réle in the CO, transport of these acid-water fishes. _ 

(2) Adair’s careful experiments [1934] by the membrane potential 
method suggest that on the alkaline side of its isoelectric point hemo- 
globin can bind Cl ions to an appreciable extent—possibly at or near 
the —NH, groups. If so, it should be able to bind HOO, ions in the same 
place: such binding, if it occurred, would obviously contribute to the 
non-carbamino part of the z-bound CO,, #.e. to the y-bound CO,. : 


B. Nomenclature of the carbamino-bound CQ,. 


The most obvious name to give to a direct compound of CO, with 
hemoglobin would be carboxyhzemoglobin, but this has already been 
adopted for the compound of hemoglobin with carbon monoxide and 
it is too late to try to re-name the latter now. 

Carbhemoglobin, the name originally put forward by Bohr and 
revived recently by Henriques, has the disadvantage of vagueness, 
i.e. it suggests nothing as to the constitution of the compound, which 
is a drawback in view of the probability that there is more than one 
type of compound between hemoglobin and CO, (or bicarbonate). 

On the latter account it seems desirable to include the carbamino 
radicle in the name. Two obvious ways of doing this suggest themselves, 
firstly by a prefix, i.e. carbamino-hemoglobin, secondly by a suffix, 
i.e. heemoglobin-carbamic acid—the ion of the latter being the heemo- 
globo-carbamate ion. 

Carbaminohemoglobin has the advantage of being quite an easy 
word for the tongue, but it has the disadvantage of being from the 
chemical point of view a misnomer, since it suggests that both —CO, 
and —NH, are joining on to the hemoglobin molecule, instead of only 
CO,, and it also has the drawback of not providing readily for the dis- 
tinction between the carbamic acid derivative containing the —NHCOOH 


group and its ion, containing the —NHCOO group. 

The names, hemoglobo-carbamic acid and hemoglobo-carbamate ion, 
get over the latter difficulty, and are not definitely misleading from the 
chemical point of view, since they are in fact a departure from systematic 
nomenclature; they do, however, give a definite clue as to the nature of — 
the CO, compound, and furthermore give no trouble when it is necessary 
to refer to other derivatives of hemoglobin. Thus the carbamino com- 
pound of oxyhemoglobin would be called oxyhemoglobo-carbamate, of 
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methemoglobin methsmoglobo-carbamate, etc. The same nomenclature 
could, if required, be adopted for other proteins than hemoglobin and 
also for simpler —NH, containing compounds. The main disadvantage 
of these names lies in their awkwardness for the tongue. 

We ourselves are inclined to favour the names h»moglobo-carbamic 
acid and hemoglobo-carbamate ion, but consider on the whole that it 
would be well to wait until the existence of carbamino compounds of CO, 
with hemoglobin shall have been either accepted generally or disproved, 
before making a definite commitmént as to nomenclature. 


SuMMaARY. 

1. CO, apparently combines directly with hemoglobin at pH7 
and above, to form compounds of a carbamino type. The amount com- 
bined at a given CO, pressure is increased by fall of temperature, increase 
of alkalinity (t.e. higher pH), and by reduction of the hemoglobin as 
contrasted with oxygenation. Theoretical consideration suggests that 
these effects are due to changes in the amount and character of the 


uncharged —NH, groups present in the hemoglobin molecule, especially % 


in the part adjacent to the hematin nucleus. 

2. Measurements have been made of the total bound CO, and 
carbamino-bound CQ, in oxyhwmoglobin and reduced hemoglobin 
solutions, prepared from ox blood by Adair’s method, at 37° C., pH 7-0 
-7-4, pressure of CO, 30-60 mm. Hg. The carbamino CO, amounts to 
about 2 p.c. of the total CO, in the case of oxyhemoglobin, and to about 
10 p.c. in the case of reduced hemoglobin. | 

3. From these data it is inferred that carbamino compounds are 
responsible for a significant part of the difference in CO, dissociation 
curves of oxygenated and reduced whole blood, and for a large part of 
the difference between the CO, dissociation curves of oxygenated and 
reduced corpuscles. In the actual respiratory cycle at rest it is calcu- 
lated that about 15 p.c. of the total CO, transport by the blood, and 
about 40 p.c. of the transport by the corpuscles, may be mediated by the 
carbamino-hemoglobin compounds. 

4. The relation of carbamino-bound CQ, to the other forms of CO, 
present in blood is discussed. It is suggested that there may be, under 
physiological conditions, some other form of bound CO, besides carbonic 
acid, free bicarbonate ions, and carbamino-bound CO,. This hypothetical 
compound is temporarily called ‘‘y-bound” CO,. 
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FURTHER OBSERVATIONS ON THE PHYSIOLOGY 
' AND PHARMACOLOGY OF A SYMPATHETIC 
GANGLION. 


By W. FELDBERG ann A. VARTIAINEN?. 


(From the National Institute for Medical Research, 
Hampstead, London, N.W. 3.) 


(Received August 21, 1934.) 


FELDBERG and GapDvUM [1934] have shown that, when the superior 
cervical ganglion of the cat is perfused with warm, oxygenated Locke’s 
solution containing a small proportion of eserine, acetylcholine appears 
in the venous effluent whenever the cervical sympathetic nerve is 
effectively stimulated, and only then. They suggested that the liberation 
of a small quantity of acetylcholine provides the mechanism by which 
the effect of a preganglionic impulse passes the synapse. The appearance 
of acetylcholine, on this view, provides the direct stimulus to the output 
by a ganglion cell of a postganglionic impulse. _ 

It is obviously desirable to bring this suggestion to the test of further 
experiment. As pointed out in the earlier paper, it requires the assump- 
tion that the acetylcholine detected in the venous fluid is liberated 
actually at the synapses in the ganglion, in immediate proximity to the 
ganglion cells. The suggestion has been criticized by Eccles [1934], 
chiefly on the ground of his own failure to observe any potentiation by 
eserine of the electrical potential changes in the ganglion and the post- 
ganglionic fibres following a single volley of preganglionic impulses, or 
any prolongation by eserine of the persistent excitatory state following 
such a volley. Tle evidence which we here present indicates more 
definitely the site and the conditions of liberation of the acetylcholine, 
and deals with the effects of eserine and of other substances, when 
applied to the reactive structures in the ganglion through the artificial 
perfusion. 

1 Rockefeller Foundation Fellow. : 
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MeETHops. 


The method for perfusing the ganglion was essentially that used by 
Feldberg and Gadda-a [loc. cit.]. The following modification was 
introduced in the preparation of the ganglion. The central end of the 
vagus was tied and cut beyond the ganglion near its entrance into the 
skull. This made it easier to tie the arterial branches accompanying the 
postganglionic fibres into the skull. In the absence of this precaution, 
if acetylcholine was injected into the perfusion cannula (see later), some — 
of it leaked into the general circulation and caused a general fall of 
arterial blood-pressure, as recorded from the femoral artery. If such 
evidence of leakage still appeared after starting the perfusion, the small 
arterial branches responsible for it were found and tied. 


Fig. 1. Cannula (Gaddum) for controlling the temperature of a slowly perfused fluid. 


In connection with the technique of some of the injections, it is 
desirable to describe a little more fully the cannula already used by 
Feldberg and Gaddum for controlling the temperature of the arterial 
fluid (see Fig. 1). From the delivery tube the filtered Locke’s solution 
passed through the warming tube (W), a thin walled tube of glass 10 cm. 
in length and 8 mm. in internal diameter. The upper end of the warming 
tube was widened to receive a small rubber stopper, which gave passage 
to the glass end of the delivery tube, and to the small insulated wires 
leading to the thermocouple. A small side tube, furnished with a rubber 
tube and clip, near the upper end of the warming tube, allowed any 
bubbles of gas which collected to be expelled. The warming tube was 
warmed by a current in a coil of resistance wire with insulating sheath, 
controlled by a rheostat. To the lower end of the warming tube the small 
glass arterial cannula (C) was joined by ashort length of rubber tubing (R). 
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In this arterial cannula lay the thermocouple, and the heating of the 
coil was so controlled by the rheostat as to maintain the temperature 
of the fluid in the cannula as constant as possible. Injections were made 
by puncturing the rubber tube (R). Since the resistance was on the 
arterial side of the cannula, practically the whole of a volume of fluid 
so injected passed immediately back into the warming tube, to be 
delivered therefrom through the ganglion at the slow rate of perfusion. 
The injection of a small volume, such as 0-1 ¢.c., as used in testing the 
stimulating effects of various substances, caused no important change 
in the temperature of the fluid entering the ganglion. Such a small 
injection, it will be understood, was subjected to an unknown dilution 
by admixture with the perfusion fluid. The dosage could only be expressed, 
therefore, in terms of the weight injected of the substance under test. 
It is realized that differences in the rate of perfusion in different experi- 
ments, or in the degree, at different stages in the same experiment, of 
the edema which the ganglion always showed with prolonged perfusion, _ 
would cause rather wide variations in the rate at which a given dose of 
the drug reached the ganglion cells, and even in the proportion of it 
which reached them at all. In spite of these factors of variation and 
uncertainty, the threshold dose of a drug often retained a remarkable 
constancy through a long period of one experiment. When larger volumes, 
of the order of 10 c.c., were injected, in order to subject the ganglion for 
a period of some duration to the action of an approximately known 
concentration of a drug, such as eserine or nicotine, precautions had to be 
taken to exclude. serious alterations in the temperature of perfusion. 
The fluid in the warming tube was normally maintained at such a 
temperature that the thermocouple in the arterial cannula registered 
a temperature of about 38°-39° C., so that the fluid, which still had to 
pass slowly through the carotid stump and its small branch to the 
ganglion, would reach the latter at a temperature slightly lower. It was 
found that if a large injection, practically all of which would pass 
‘immediately back into the warming tube and even beyond it into the 
delivery tube, was made with fluid at room temperature or prewarmed 
to over 40°C., the temperature in the arterial cannula fell or rose to 
such an extent as to complicate the specific effect of the drug under test, 
and thus to obscure the interpretation of the result. When the possibility 
of a potentiating effect was under test, it was particularly important to 
exclude a temporary rise of temperature. It was found by trial that if 
the fluid was injected at a temperature of 37° or 38°C., only a slight 
initial fall of temperature occurred, before the heating coil,. with but 
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small adjustment of the rheostat, restored the cannula temperature to, 
and kept it at, the previous constant level of 38°-39° C. 

In the experiments of the earlier series, where the fact of the liberation 
of acetylcholine by preganglionic stimuli was the main point to be 
demonstrated, the nerve was laid for stimulation on platinum electrodes. 
In some of the experiments here described it was necessary to ensure 
the constancy of successive groups of stimuli, in order to test the 
potentiation or depression of their effects by application of drugs to 
the ganglion. For this purpose we used Collison’s [1933] modification 
of the Brown-Garrey fluid electrode, filled with the blood of the animal 
under experiment. The cervical sympathetic nerve having been drawn 
into the electrode, the latter was fixed in a clamp, and left without 
adjustment till the experiment was completed. Groups of equal break 
shocks at the chosen rate were obtained with Lewis’s rotating inter- 
ruptor, connected to an induction coil fed by a storage cell. 


RESULTS. 
The site of the release of acetylcholine. 


Even on the reasonable assumption that the release of acetylcholine, 
in response to stimulation of the cervical sympathetic nerve, occurs in 
the. superior cervical (sympathetic) ganglion, its appearance might, 
theoretically, be connected with the passage of impulses over any of 
the structures in the ganglion which they traverse—the preganglionic 
fibres before they reach the synapses, the bodies of the ganglion cells, 
or the postganglionic fibres on their way out from the ganglion. 

(a) The presynaptic nerve fibres. It is impossible to restrict the 
perfusion to the superior cervical ganglion, the closely adherent ganglion 
of the vagus trunk being, of necessity, perfused with it. This necessity, 
however, provides the opportunity for testing one possibility. If the 
acetylcholine were released from the presynaptic nerve fibres in the 
ganglion, 7.e. by the passage of impulses through nerve fibres in con- 
tinuity, impulses in the fibres passing through the sensory vagus ganglion, 
without synaptic interruption, ought to be similarly effective. This 
possibility was easily put to the test with the usual perfusion scheme, 
by stimulating alternately the central end of the cut cervical vagus and 
the cervical sympathetic, and collecting and testing in parallel the venous 
fluids corresponding to the periods of stimulation of each nerve. The 
eserinized leech preparation was used as the test object, and the perfusion 
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fluid contained eserine in a dilution of 1 in 5x05. Fig. 2 reproduces 
the record obtained. The cervical sympathetic nerve was stimulated for 
two periods, and an equal period of central vagus stimulation, with 
identical shocks, was interposed between the two. A and C in Fig. 2 show 
the effects produced by tenfold dilutions of the fluids collected during 
the first and second periods of cervical sympathetic stimulation; at B 
in the same figure the fluid obtained during the intervening period 
of vagus stimulation, diluted only 2} times, was applied, without any 
perceptible effect. It is safe to conclude that, if acetylcholine is released 
in any amount by the passage of impulses over nerve fibres in continuity, 


Fig. 2. Fig. 3. 
Fig. 2. Leech muscle. Effects of ganglion effluents during stimulation of cervical 
sympathetic (A and C) and vagus (8). 
Fig. 3. Leech muscle. Effects of ganglion effluents; A and C without stimulation, 
B and E during preganglionic, and D during postganglionic stimulation. 


as in the vagus ganglion, the amount is far too small to contribute sig- 
nificantly to the output detected when the cervical sympathetic nerve is 
stimulated. It seems reasonable, by analogy, to exclude from further 
consideration the presynaptic fibres in the sympathetic ganglion. 

(6) Postganglionic fibres and ganglion cells. These structures could be 
tested together, as potential sources of the acetylcholine, by employing 
a “backfiring” method of stimulation, analogous to that used by 
Sherrington and his co-workers for sending impulses back through 
motor fibres into the motor-horn cells of the spinal cord. As in the 
experiment with the vagus, equal periods of identical stimulation were 
applied alternately to the preganglionic fibres of the cervical sympathetic 
nerve, and to the postganglionic bundle beyond the ganglion. Each 
stimulation period consisted of 3 min. stimulation, 1 min. pause and a 
second 3 min. stimulation, the venous fluid being collected for the whole 
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7 min. and for a further 1 min. after the end of the stimulation. Kserine, 
1 in 5x 105, was again added to the perfusion fluid. Records of con- 
traction of the nictitating membrane gave, in this case, an additional 
check on the effective stimulation of the postganglionic bundle. 

Fig. 3 shows the effects of the different venous fluids on the leech 
preparation. At A the control fluid, collected before stimulation, was 
applied in a dilution of 1 to 1-4; at B the fluid from a first period of 
preganglionic stimulation, diluted 1 to 9; at C a second control fluid, 
1 to 1-4; at D the fluid from a period of postganglionic stimulation, 
to 14; 
stimulation, 1 to 9. 

It will be clear that the fluid, collected during the stimulation causing 
passage of impulses through the postganglionic fibres into the bodies of 
the ganglion cells, applied at D, exhibits no perceptible acetylcholine 
action even in a dilution of 1 to 1:4. It seems proper to conclude, 
therefore, that the passage of impulses through either of these structural 
elements plays no significant part in the release of the acetylcholine, 
which appears when the preganglionic fibres are stimulated. 

The record of the effects of stimulation on the contractile activity 
of the nictitating membrane led incidentally to observations of some 
probable interest. In this, as in many other experiments, stimulation 
of the cervical sympathetic nerve with rapidly repeated induction shocks 
produced a characteristic complex. At the outset of stimulation the 
nictitating membrane was withdrawn rapidly to the maximal extent, 
but partial relaxation from this maximum rapidly set in during continued 
stimulation, often to be followed in turn by slow recovery to an inter- 
mediate level of contraction. We have not yet examined the possibility 
of a connection of this sequence with the artificial perfusion of the 
ganglion, or with the presence of eserine in the perfusion fluid. It was 
not seen when the postganglionic fibres were stimulated; in response to 
such stimulation the membrane was rapidly withdrawn to the maximal 
extent, and the contraction remained maximal until stimulation ceased. 
There can be no doubt, therefore, that the stimulation applied to the 
postganglionic fibres was maximal. It may further be concluded that 
the partial relaxation, seen during continued stimulation of the cervical 
sympathetic, was due to a partial failure of transmission of the effect 
across the synapses to the ganglion cells, Of greater interest was the fact 
that a further period of stimulation, applied to the preganglionic fibres 
about a minute after the maximal postganglionic stimulation had ended, 
produced no retraction of the nictitating membrane. That the post- 
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ganglionic fibres and the plain muscle were still fully responsive was 
shown subsequently, by stimulating the postganglionic fibres, maximal 
retraction being again produced. We can only conclude that, during this 
second period of preganglionic stimulation, following the period of 
“backfiring” impulses, the excitation failed to pass the synapses because 
the ganglion cells had been rendered insensitive. Whether this condition 
was wholly due to the impulses fired back into them in the foregoing 
period, or whether the effect of these was reinforced by the prolonged 
perfusion with eserine, is not clear. The point of immediate importance 
for our purpose is that, although the ganglion cells were sending out no 
effective impulses in response to the preganglionic stimulation, acetyl- 
choline was uberated in as large an amount (cf. Fig. 3, 
they were fully active. 

The observation makes it additionally clear. that neither the putput 
of impulses from the ganglion cells, nor the passage of impulses from 
them along the postganglionic fibres, is responsible for the output of 
the acetylcholine detected in the venous fluid. We shall later find evidence 
in the same direction in dealing with the paralytic effects of larger doses 
of eserine and of nicotine. 

Taking together these results of stimulating the vagus and the post- 
ganglionic sympathetic fibres, we may exclude the presynaptic fibres, 
the ganglion cells and the postganglionic fibres, as sources of the 
acetylcholine which comes from the ganglion when the cervical sym- 
pathetic nerve is stimulated. There remain wis the synapses as the site 
of its liberation. 


Inberation of acetylcholine with natural circulation. , 
It seemed possible that the appearance of acetylcholine in the venous 
_ effluent, concurrently with stimulation, might be an abnormal pheno- 
menon, due to the conditions of artificial perfusion. Its significance 
would remain, even if this were so; but it was of interest to enquire 
whether, under conditions of perfectly normal circulation, stimulation 
would cause acetylcholine to appear in the venous blood from the 
ganglion. For this purpose the preparation was made as for perfusion, 
so far as concerned the ligature of all branches of the carotid artery and 
the internal jugular vein, except those supplying and draining the 
ganglion. The natural relations of the ganglion, however, were un- - 
disturbed; it was kept carefully covered and warm, with its normal 
circulation. The blood was rendered incoagulable with “‘Chlorazol Fast 
Pink,” and a cannula inserted into the internal jugular vein, from which 
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the slowly dropping venous blood from the ganglion was collected. Half 
an hour before the first sample was taken 5 mg. of eserine sulphate were 
injected intravenously, with 1mg. of atropine ~— to prevent 
excessive retardation of the heart beat. 

Fig. 4 gives a record from the testing of the successive blood samples 
on the eserinized leech preparation. At A the first “control” sample was 
tested in a dilution of 1 to 9; at B a sample collected during maximal 
stimulation of the cervical sympathetic, again at 1 to 9 dilution; at C 
a second control sample, after a further injection of 1 mg. of eserine, in 
this case at 1 to 5 dilution; at D a sample collected during a second 
stimulation, diluted 1 to 10, and at # the same sample diluted 1 to 20; 


Fig. 4. Leech musele. Blood from ganglion with natural circulation; A, C and F, 
without stimulation, B, D and E during preganglionic stimulation. 


at F a further control sample, collected after an interval of a few minutes 
from the end of the stimulation period, and diluted only 1 to 2. 

The record needs little exposition. When mammalian blood is tested 
on the leech, even when diluted, slight non-specific effects are occasionally 
seen, and can be discounted. Such effects as those shown in Fig. 4 at 
C and F, with blood diluted 5 and 2 times respectively, have no sig- 
nificance, especially when compared with the effects of a “‘stimulation” 
sample, diluted 10 and 20 times, at D and Z. A comparison of E with 
the effects, on the same leech preparation, of standard dilutions of 
acetylcholine, showed it to be equivalent to a.c. 1 in 5 x 108; so that the 
original blood, before the twentyfold dilution, would have contained 
A.C. 1 in 25 x 10’, or 40y per litre. This is a figure well within the range 
of those obtained with the saline effluent of an artificial perfusion. The 
latter, therefore, represents with reasonable accuracy the rate of escape 
of acetylcholine, — stimulation, into the blood vessels of he ganglion 
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with normal circulation. It need hardly be added that, under such 
normal conditions, in the absence of poisonous doses of eserine, it would 
be destroyed even before it reached the blood. 


The quantity of acetylcholine released by a single preganglionic volley. 
Feldberg and Gaddum [1934] gave some data as to the amount 

of acetylcholine entering the venous outflow from the perfused ganglion 
in unit time, during a period of maximal stimulation of the cervical 
sympathetic nerve. They were using, however, the automatic interruptor, 
and their figures furnished no precise information as to the amount 
corresponding to each shock. They only showed that this amount would 
be too small to be detected by any methods available. The information 
could be obtained, however, by using shocks at a rather slower and 
accurately known rhythm, and collecting the fluid from the ganglion 
during a known number of maximal shocks, and a sufficient subsequent 
period to ensure the collection of any acetylcholine entering the vessels . 
during the stimulation. From the quantity corresponding to a known 
number of shocks, that corresponding to a single maximal preganglionic 
volley could be calculated, on the assumption that the amount per shock 
would be independent of the number administered. The latter point 
could be put to the test of experiment. The ganglion was perfused as 
usual with warm oxygenated Locke’s solution containing 1 part of 
eserine in 5 x 105. The fluid electrode was used. Two periods of stimulation 
were given, of 30 shocks in 17 sec., and 120 shocks in 68 sec, respectively. 
In each case the venous fluid was collected for the period of the stimu- 
lation and for 1 min. after its cessation. A control sample taken after 
this period of collection was found, in each case, to be inactive. The rate 
of venous outflow remained constant at about 1 c.c. in 4 min. 
The two stimulation samples, after dilution to convenient volumes, 
were tested on the eserinized leech preparation in comparison with known 
dilutions of acetylcholine. The first sample, corresponding to 30 maximal 
shocks, showed in a dilution volume of 2¢.c. an acetylcholine dilution 
of 1 in 10°. This indicates the output of 0-002y by 30 shocks, or 0-000066y 
per shock. The second sample, corresponding to 120 shocks, diluted to 
4c.c., showed an acetylcholine dilution of 1 in 5 x 10°. This indicates an 
output of 0-008y by 120 shocks, or again 0-000066y per shock. A portion 
of this 120-shock sample was given a further twofold dilution, so that 
its strength now corresponded to a dilution of the original volume to 
8 ¢.c.; its action was now indistinguishable from that of the first, 30-shock 
sample, made up to a volume of 2c.c. In another similar experiment 
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two different samples, each corresponding to 60.shocks, showed identical 
activities corresponding to 0-000ly per shock, In this. instance the 


-_ ganglion from the unperfused side, when dissected out cleanly, weighed 


12 mg. From data given by Billingsley and Ranson [1918] we may 
assume that the superior cervical ganglion in the cat contains some 
120,000 nerve cells. On the basis of 100,000 cells, the amount of acetyl- 
choline liberated by a single impulse at a single synapse would be of the 
order of 10-"5 g., i.e. about 3 million molecules. Since, however, we have 
no evidence as to what fraction of the total amount thus liberated escapes 
into the circulation and is collected in the venous emt, - — obtained 
has no significance. 


Actions of anda eserine. | 


‘Feldberg and Gaddum [loc. cit.] referred briefly to the stimulant 
effects on the ganglion cells, as demonstrated by retraction of the 
‘ nictitating membrane, of injecting small doses of acetylcholine into the 
perfusion fluid on its way to the ganglion. They mentioned also the 
potentiating effect on this action of a small proportion of eserine in the 
perfusion fluid. We have examined these actions in more detail, using 
a more uniform method of injection. For injections of acetylcholine, or 
of the other substances of which the action is described later, we have 
prepared dilutions from a stock solution, such that the required dose 
was, in each case, contained in 0-1 c.c. of Locke’s solution; this volume 
being rapidly-injected by a needle pushed through the rubber junction 
just above the arterial cannula. In order to demonstrate the changes 
in reaction to acetylcholine produced by eserine in different concentration, 
we have perfused the ganglion with plain Locke’s solution, determined 
the threshold dose of acetylcholine under those conditions, and then 
temporarily changed the perfusion fluid for one containing the required 
concentration of eserine, by injecting 10 c.c. of the latter through the 
same rubber junction, with the precautions to avoid temperature changes 
described under ‘‘ Methods.”’ The same technique has enabled us to com- 
pare the effects of preganglionic stimulation, with wri — eserine. 


Acetylcholine without eserine. 


The threshold dose of acetylcholine under these conditions has Sexiod 
in different experiments from 1 to 3y. In this lower range the effect 
increases quickly with the dose. If the threshold dose is determined, as 
that which causes a retraction of the nictitating membrane just per- 
ceptibly recorded by our lever system, doubling the dose produces a 
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strong retraction. As the dose is further increased the curve recording 
the contraction becomes higher and rises more rapidly till the maximum 
is obtained, but relaxation in every case begins as soon as the full 
contraction is reached. No increase of dose beyond that maximum, 
whether by increasing the strength or volume of the injection, causes 
any prolongation of the contraction; on the contrary, when the dose is 
increased beyong the maximum, the effect becomes smaller, relaxation 
setting in at an earlier stage of the contraction. 

It seemed clear that the stimulant effect was here becoming « com- 
plicated by the secondary, paralytic action on the ganglion cells, which 
was to be expected from Dale’s [1914] description of the nicotine-like 
action of acetylcholine and other choline esters on ganglia. This paralytic 
effect could be more clearly demonstrated by comparing the responses to 
equal periods of electrical stimulation of the cervical sympathetic, before 
and after a dose of acetylcholine. Even with a dose of acetylcholine just 
producing the maximal response obtainable from the ganglion, a de-— 
pressant effect on the subsequent response to sympathetic stimulation 
was evident. It was noted, further, that the paralytic effect was still 
- progressive for some time after the stimulating action of the acetyl- 
choline had subsided. The response to a period of electrical stimulation, 
given just after the end of the stimulation by acetylcholine, showed 
already some depression in comparison with that to an earlier control 
period; but sometimes the depression, as shown by the responses to 
further test stimulations, increased for a further period of a few minutes. 
A precisely similar after effect is shown by a stimulant injection of 
nicotine and is illustrated in Fig. 9. If a large dose of acetylcholine, 
20-100y, is injected, after a brief stimulating effect, the ganglion cells 
are rendered, for the time, completely unresponsive to preganglionic 
impulses or to further injections of acetylcholine, until by continued 
perfusion with clean solution the excess of acetylcholine is washed away, 
and the responsiveness of the ganglion cells is restored. 


Effects of eserine. 

(a) Sensitizing action. a perfusion of Locke’s 
solution containing eserine in concentrations from 1 in 10* to 1 in 5 x 10°, 
the activity of acetylcholine, injected as above, was increased from 8 to 
20 times, the threshold dose being lowered to 0-05-0-2y. Fig. 5 reproduces 
a record from an experiment in which such eserine perfusion caused @ 
tenfold increase in the activity of acetylcholine on the ganglion cells. 
We have also tested the effects of such low concentrations of eserine on 
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the stimulant actions on the ganglion, to be described later, of other 
substances, such as choline, potassium ions, nicotine and hordenine 
methiodide. In all cases a slight enhancement of effect was detected; 
in the case of nicotine the activity appeared, in a few experiments, to 
be approximately doubled; in the other cases the enhancement was not 
more than 50 p.c. These actions are further mentioned in a later section. 
We must conclude, accordingly, that eserine in low dilutions causes a 
slight, non-specific sensitization of the ganglion cells to a variety of 
chemical stimuli. The sensitization of their response to injections of 

acetylcholine, however, is of a higher order, and it is reasonable to regard © 
it as largely due to inhibition of cholinesterase by which, in the absence 


Fig. 5. Retraction of cgt’s nictitating membrane. Effects of acetylcholine on 
ganglion. Between ( and D, eserine 1 in 5 x 10° added to perfusion. 


of eserine, a large part of it would be destroyed on its way from the 
blood vessels to the ganglion cells; just as Feldberg and Gaddum 
found that acetyleholine liberated in the ganglion by nerve impulses 
only appeared in the venous outflow if eserine was present. As would 
be expected, on the view that the potentiating effect is chiefly due to 
this protective action, eserine increases the paralytic, as well as the 
primary stimulant action of acetylcholine; doses which in the absence of 
eserine produce only a moderate stimulation become, with a small 
concentration of eserine, supramaximal and paralytic in action. 

The question arose whether eserine would similarly sensitize the 
ganglion cells to the effects of preganglionic impulses. As suggested 
already in the paper by Feldberg and Gaddum, it was difficult to 
predict what the effect might be. Assuming that the arrival of an 
impulse at a synapse releases a small charge of acetylcholine, which acts 


ae 
4 > 
j 
4 
~ 
' 
4 
4 
4 
4 
4 
a 
¥ 
| 
4 
A 
A 
= 
2 
ig 
i 
as 
a 
is 
hy 
f 
Dh 
ry 


PHARMACOLOGY OF SYMPATHETIC GANGLION. 115 


as the direct stimulus to discharge of a corresponding impulse by the 

ion cells, we have no reason to suppose that persistence of the 
acetylcholine would cause a discharge of further impulses from the same 
cell; such evidence as we have, indeed, concerning its secondary, 
paralytic effect, is against such a supposition. If it were released in such 
relation to the ganglion cell as to be exposed to partial destruction by 
cholinesterase while reaching the site of its action, eserine might con- 
ceivably, by its effect on the esterase, enable an effective charge of 
acetylcholine to reach a certain number of additional cells. What is 
known, however, as to the time required for the effect of a stimulus to 
pass the synapse (see Brown, 1934; Eccles, 1934) seems inadequate 
to allow for diffusion over such a distance that significant destruction 
could take place, and protection by eserine be locally effective. Further, 
though it may seem plausible to suggest that the acetylcholine liberated 
at a synapse by an impulse, having produced its stimulating effect on 
the ganglion cell, is immediately removed by esterase, there is no direct 
evidence to support such a conception, It has been proved that eserine 
protects acetylcholine which escapes from the synapses, and enables it 
to appear in the venous outflow from the ganglion, and that it: protects 
acetylcholine injected into the arterial flow during ite diffusion to the 
ganglion cells; but the method of its destruction or removal at the 
synapses themselves may be entirely different, and uninfluenced by 
eserine. We were unable to agree with Eccles, therefore, when he used 
his failure to observe potentiation of the effect of a single preganglionic 
volley by eserine as an argument against the function of acetylcholine 
as the transmitter. We have found, moreover that, under appropriate 
conditions, a clear potentiation by eserine of the effects of preganglionic 
impulses can be demonstrated. 

The most effective conditions for this demonstration were found in 
recording the retractions of the nictitating membrane caused by equal 
periods of submaximal shocks, applied to the cervical sympathetic nerve 
with a rhythm of about 2 per sec, Fig. 6 shows the effects produced by 
successive groups of 18 shocks in 10 sec., applied at intervals of 3 min. 
- The successive small responses were quite uniform until a control 
injection was made of Locke’s solution prewarmed to 37° C. This caused 
a temporary fall in the cannula temperature of 2° C., and the following 
responses show a consequent small depression. Thereafter, with re- 
establishment of the original temperature, the sequence of responses 
regained the original regular dimensions. Two of them are recorded at 
A and B in Fig. 6. After B 10 c.c. of Locke’s solution containing 1 part 

8—2 


A 
| 
omy 
‘ 
a 
4 
| 
ig 
. 


116 W. FELDBERG AND A. VARTIAINEN. 


of eserine in 10° and prewarmed to 37°C. were similarly injected, and 
again caused a temporary fall of 2° C. in the cannula temperature. In 
spite of this the ensuing responses, C and D, are obviously much larger 
than those obtained in the absence of eserine. We have obtained quite 
similar effects in several experiments of this kind, and definite though 
less pronounced potentiation with periods of stimulation at 10 to 30 
shocks per sec., and with stronger, though still submaximal, shocks. 

We are not able to offer with confidence a complete explanation of 
this effect. The fact that eserine, apart from its protective action on 
acetylcholine, causes some sensitization of the ganglion cells to chemical 
stimuli in general, must certainly be considered as a possible factor. 
We suspect, however, that the protective action may also have some 


Fig. 6. Nictitating membrane. Responses to equal groups of submaximal shocks to cervica 
sympathetic; A and B before, C and D during perfusion of eserine | in 10°. 


influence in this phenomenon. Acetylcholine, liberated by preganglionic 
impulses, can diffuse into the blood vessels in a concentration sufficient, 
on occasion, to act as a stimulus on reinjection. It is at least not 
improbable, therefore, that when eserine is present in the ganglion, 
acetylcholine may reach by diffusion, and in a stimulating concentration, 
other ganglion cells than those in direct relation to which it is liberated 
by the submaximal shocks. Impulses from these secondarily stimulated 
cells might be expected to undergo a temporal summation with those 
from the cells primarily stimulated, increasing the total response of the 
nictitating membrane. Such a possibility could obviously be better 
tested with an electrical record of the postganglionic — and it is 
hoped that this may later be obtained. 

(b) Paralysing action. Even with weak concentrations of eserine, 
such as 1 m 5x 10°, prolonged application by perfusion can lead to a 
secondary depression of the response to preganglionic stimulation. This 
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t action had been observed in some of the earlier experiments 
by Feldberg and Gaddum in which stronger solutions of eserine were 
used, and was the only effect of eserine detected by Eccles [1934], who 
observed it when larger doses of eserine were given. The effect is most 
clearly seen by a temporary perfusion with a higher concentration, such 
as 1 in 1-2 x 10*. If 10.c. of such a solution, prewarmed, were injected 
as described above into the warming tube, the response to preganglionic 

stimulation rapidly declined, and, after a few minutes’ perfusion, was 
completely annulled. Simultaneously, the response to injections of 
acetylcholine was abolished, and likewise that to injections of the other 
stimulant substances, nicotine, choline, arecoline and potassium ions, of 
which the actions are described later. Fig. 7 illustrates the fact that the 
ganglion cells, under the influence of such a concentration of eserine, 


membrane. Responses to acetylcholine and preganglionic 
F), and after (G@, H) perfusion with eserine 1 in 10*. 


lose their sensitiveness to preganglionic impulses and to injections of 
acetylcholine in a closely parallel manner, and, as the excess of eserine 
is washed away, show similarly parallel rates of recovery to these two 
methods of stimulation. In the cases of arecoline and hordenine 
methiodide, the extinction of their effects by perfusion with relatively 
strong eserine solutions showed a less complete parallel with that on 
preganglionic stimulation, the effect of the latter being completely 
suppressed rather earlier than that of the drugs. 

This secondary, paralytic effect of eserine probably explains the rather 
wide variations in sensitiveness of different ganglia to acetylcholine, 
observed by Feldberg and Gaddum, who, in perfusions with eserine 
in a dilution of 1 in 5 x 105 over relatively long periods, must certainly 
have made some of their tests when the response of the ganglion cells 
was depressed. Since the effect of all drugs stimulating the cells is 
depressed, as well as that of preganglionic impulses, the paralytic effect 
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would appear to be on the:ganglion cells, and not on any other part of 
the synapse. It is, in fact, closely similar to the secondary, paralytic 
effect of nicotine on the ganglion cells, the action of eserine, in these 
larger doses, differing from that of nicotine only in showing no trace of 
primary, stimulant action. 

The simultaneous paralysis of the effects of preganglionic impulses 
and of acetylcholine artificially applied, was obviously in full accord with 
the view that the latter acts as transmitter at the synapse. If the 
paralytic action of eserine, as the facts suggested, was limited to the 
ganglion cells, it would be expected that preganglionic impulses would 
still release acetylcholine at the synapses, transmission being blocked by 
the failure of the ganglion cells to respond to it. An experiment proved 
that this was, indeed, the case. A ganglion was perfused, in the first 
instance, with eserine 1 in 10°, and a period of maximal preganglionic 
stimulation caused full retraction of the'nietitating membrane and the 
usual output of acetylcholine, as demonstrated by testing the venous 
fluid in tenfold dilution on the sensitized leech preparation. The perfusion 
fluid was now changed for one containing eserine 1 in 10*. This, as 
always, caused some lessening of the rate of perfusion, presumably by 
causing constriction of the vessels of the ganglion. A sample was 
collected without stimulation, in order to test the possibility that strong 
eserine, by itself, might cause acetylcholine to appear in the fluid even 
from the resting ganglion. This sample, however, in tenfold dilution, had 
no effect on the leech muscle. This absence of any output of acetylcholine 
in response to strong eserine by itself, was shown in another experiment 
by tests on the arterial pressure of a cat, on which the effluent could be 
tested without dilution. It was entirely without effect in a dose of 2 c.c., 
though the cat gave a clear response to 2 c.c. of a.c. 1in 5x 10®. A second 
similar period of stimulation of the cervical sympathetic then caused 
no movement of the nictitating membrane, the ganglion being under 
full eserine paralysis. The venous fluid, however, collected during this 
peripherally ineffective stimulation, was found to contain a somewhat 
greater concentration (about 1 in 10’) of acetylcholine than that collected 
during the first, effective stimulation. The retardation of the perfusion 
by the eserine makes it impossible to attribute any significance to this 
greater strength of the venous fluid; but we can, at least, conclude that 
eserine in paralytic concentration does not depress the liberation of 
acetylcholine by the arrival of preganglionic impulses at the synapses. 
The effect of the strong eserine is to render the ganglion cells unresponsive 
to these impulses, as to acetylcholine artificially applied. The fact that 
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the paralysis was limited to the perfused ganglion was demonstrated by 
subsequent stimulation of the postganglionic bundle, which caused full 
retraction of the nictitating membrane. | 


| Actions of nicotine. 

The actions of nicotine, in stimulating and subsequently paralysing 
sympathetic ganglia, have been known since the classical description 
given by Langley and Dickinson [1889]. A point of some doubt has 
been the exact location of these actions. Langley [1901], finding that 
stimulation of sympathetic ganglia by nicotine survived degeneration of 
the preganglionic fibres, located this action in the cells, and not at the 
synaptic nerve endings. The fact that ite paralytic effect was not 
produced on spinal ganglia, even in those of the skate, where the cells 
are bipolar, left open the question as to whether the paralytic action was 
also produced on autonomic ganglion cells, or was a separate effect on 
the synapses. The close analogy between these actions of nicotine and 
those of acetylcholine led us to expect that they would both prove to 
be actions on the ganglion cells, and our experiments confirm this view. 
We have already mentioned the fact that paralytic doses of eserine, 
which leave the synaptic release of acetylcholine unaffected, abolish the _ 
stimulant action of nicotine. 

Fig. 8 illustrates both actions of nicotine, as applied by injection to 
the perfused ganglion. A, B, 0 and D show records of retraction of the 
nictitating membrane produced by 1, 0-6, 0-2 and 0-ly of nicotine 
tartrate, applied by the usual method of injection. It will be seen that 
0-ly represents about the threshold dose of nicotine: This dose is of a 
lower order than the threshold dose of acetylcholine when injected in 
the absence of eserine, and of about the same order as that of acetyl- 
choline when eserine is present to protect it on the way to the site of 
action. EH shows the retraction produced by a short period of 10 sec. 
of stimulation of the cervical sympathetic nerve with the secondary 
coil at 21 cm. and 25 stimuli per sec. An injection of 5 c.c. of nicotine 
1 in 10° was then given, and produced, on first reaching the ganglion, 
the retraction shown at F. It will be seen that, although nicotine at this 
concentration continued to perfuse through the ganglion for the period 
represented in the remainder of this record, the retraction curve reached 
a lower maximum, relaxation setting in earlier than when a single 
injection of 0-1 c.c. of the same solution was given at A. The phenomenon 
is precisely similar to that already described as produced by supra- — 
maximal doses of acetylcholine. With continued perfusion of nicotine of 
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this strength, strong stimulation of the cervical-sympathetic for 10 sec. 

at G, with the sec. coil at 13 cm. and 25 stimuli per sec., produced no 

response, the paralysis of the ganglion being complete. Acetylcholine 
and other substances, such as hordenine methiodide (v. infra), which 


Fig. 8. Nictitating Sen oren: Stimulating and paralysing effects of nicotine 
on ganglion. 


\Fig. 9. Nictitating membrane. 


normally stimulate the ganglion cells, were similarly devoid of effect 
during the paralysis by nicotine. Later, a further injection of 10 c.c. of 
nicotine 1 in 10° was given, without any stimulating effect. After 
washing out the nicotine the sensitiveness of the ganglion reappeared 


again. 
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Fig. 9 illustrates a sequence of effects similar to that already described 
in the case of acetylcholine. It shows the temporary depression of the 
ganglionic response to preganglionic impulses, caused by injection of a 
small dose (0-5y) of nicotine into the perfusion cannula, so that it passes 
into the ganglion and is removed by the further perfusion. Under such 
conditions the time relations of the primary stimulant and secondary 
depressant effects can be studied. At A, C, D, H, F and G equal short 


periods of stimulation of the cervical sympathetic nerve were given with — 


the fluid electrode. Between A and C 0-5y of nicotine, in 0-1 c.c. of 
Locke’s solution, was injected. On reaching the ganglion it produced its 
stimulant effect, causing the retraction recorded at B. When this had 
just subsided a further period of stimulation of the cervical sympathetic 
produced, at C, a somewhat diminished effect. The subsequent stimu- 
lations were given at 3 min. intervals from this, and it will be seen that 
the maximum of the depressant effect of the nicotine injection is reached 
at EH, 6 min, after the stimulant effect of the nicotine had completely 
subsided, and 8 min. after it was injected. 

As in the case of eserine, the question presented itself whether the 
paralytic effect of nicotine was due only to annulment of the response 
of the ganglion cells, or affected also the liberation of acetylcholine by 
preganglionic impulses. The leech-muscle preparation could not, in this 
case, be used to test the venous fluid for acetylcholine, since it is 
stimulated by nicotine in the concentration required to paralyse the 
ganglion. A suitable test for this purpose was provided by a cat under 
chloralose, the circulation of which was restricted by removal of the 
abdominal viscera, and to which eserine had been given intravenously. 
In such a preparation an intravenous injection of as little as 0-002y of 
acetylcholine (1 ¢.c. of 1 in 5 x 108) caused a definite and regular fall of 
arterial pressure. On the other hand, 1 ¢.c. of nicotine 1 in 10°, the 


concentration used to paralyse the ganglion, produced by itself no effect 


on the arterial pressure, and the addition of nicotine in this concentration 
to a maximal dose of acetylcholine did not significantly alter the depressor 
effect of the latter. 

To test the effect of the nicotine the ganglion was first perfused, in 
the usual manner, with eserine 1 in 5x 10°, and a control period of 
maximal stimulation applied to the cervical sympathetic, the venous 
fluid being collected. During this stimulation the ganglion was fully 
active, as shown by full retraction of the nictitating membrane. The 


effect of 1 ¢.c. of this first venous fluid on the arterial blood-pressure of 


the cat is shown at A in Fig. 10. When the venous fluid, as shown by a 


ne 


PERG > 
vag 
a9 
~ 
3 
x 
‘Now 
NS 
4 
oh 


122 W. FELDBERG AND A. VARTIAINEN. 


test, had again become inactive, perfusion was begun with a fluid 
containing nicotine 1 in 10° in addition to the eserine. A second similar 
period of cervical sympathetic stimulation was now completely without 
effect on the nictitating membrane, but 
lo.c. of the venous fluid collected during 
its application produced the depressor ef- 
fect shown at B in Fig. 10. The records 
_ at A and B could hardly be more similar, 
if two equal injections of the same fluid 
had been given. C represents the effect 
of 1 ¢.c. of the nicotine-containing venous 
effluent, collected after the stimulation 
period. It will be seen that the. acetyl 
choline is reduced to a trace. An earlier 
injection of this effluent, collected before 
the stimulation was applied, was free from 
acetylcholine, so that nicotine by itself 
caused no output of acetylcholine from fig. 16, Arterial blood- preseure cat 
the glion. 0-3 mg. eserine i.v. of gan- 
The paralytic effect of nicotine on the and B dur. 
ganglion is, therefore, entirely similar to "8 Complete nicotine paralysis. 
that of eserine. The résponse of the ganglion cells to preganglionic im- 
pulses is annulled, but the liberation of acetylcholine at the synapses is 
unimpaired. The ganglion cells are insensitive to the artificial application 
of substances which normally stimulate them, including acetylcholine. 
Both the stimulating and paralysing actions of nicotine are exerted 
directly on the ganglion cells and not on the synapses, and the observa- 
tions are, again, in complete accord with the conception of acetylcholine 
as transmitter of the effects of preganglionic impulses. | 


; Actions of some other stimulant alkaloids. 

The opportunity was taken to test the effects of choline, arecoline 
and hordenine methiodide, when injected into the perfusion cannula, and 
these can be briefly described. : 

Choline. As was to be expected [cf. Dale, 1914] choline had stimu- 
lating and paralysing effects on the ganglion cells similar to those of 
acetylcholine, but. of a lower order. The threshold dose for stimulation 
varied in different experiments from 25 to 100y. With an injection of 
1 mg. or more, stimulation of the ganglion cells was followed by paralysis 
of their response to preganglionic impulses, to choline itself, or to other 
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stimulant substances. The effects of eserine and nicotine on the action 
of choline have been described above. 

Arecoline. Feldberg, Minz and Tsudzimura [1934] showed that 
arecoline, in addition to its known muscarine-like action, had an action 


---on the suprarenal medulls resembling that of nicotine. It was not 


surprising therefore to find that it shows on the ganglion cells both phases 
of @ nicotine action, stimulating them in doses from 50y upwards, and 
producing the now familiar paralytic action in the larger doses. 
Hordenine methiodide is a quarternary salt obtained by complete 
methylation of tyramine, and is known to have a strong nicotine-like 


action [Barger and Dale, 1910; Dale, 1914]. On the perfused ganglion 


the stimulant effect was exhibited by injections of from 2-5, upwards, 
and larger doses (100)) produced the typical paralysis. 


Inactivity of certain substances. 


The opportunity was taken of testing the effects, when directly 


applied to the ganglion by perfusion, of substances having such powerful 


peripheral actions that effects on the ganglion cells, if they existed, might’ 


otherwise escape detection. Adrenaline and histamine were thus tested 
in doses from 0-1 to 100y, and adenosine in doses up to 1 mg., without 
any trace of stimulant or paralytic action being detected in any case. 


Actions of atropine and strychnine. 


Atropine. The peripheral action of atropine, on effector cells in- 
nervated by postganglionic fibres of the parasympathetic system, is as 
well known as that of nicotine on ganglion cells. With smaller doses of 
the two alkaloids the distinction holds, and enabled Dale [1914] to 
distinguish the peripheral, muscarine actions of acetylcholine, paralysed 
by atropine, from its action on ganglion cells, which nicotine abolished. 
Feldberg, Minz and Tsudzimura [loc. cit.], in describing actions on 
the suprarenal medulla, showed that with larger doses the distinction 
is not so sharp. Similarly atropine in low concentrations, already 
sufficient to annul any “‘muscarine” action, has no effect of any kind 


on the response of the cells of the superior cervical ganglion to pre- 


ganglionic impulses or to acetylcholine. If a larger dose, however, such 
a8 100y, is injected into the perfusion, it causes a complete paralysis of 
response to preganglionic impulses and to acetylcholine. Responses to 
both appear again together as the atropine is washed away by further 
perfusion. 
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Strychnine. Only two experiments were made. In neither could we 
detect any trace of a stimulating or sensitizing action of strychnine on 
the ganglion cells. In larger doses, from 10 to 50y, it caused, like atropine, 
a temporary paralysis of response to preganglionic stimuli or to stimulant — 
| 


Action of potassium tons. 

This deserves separate consideration, as providing the only example 
we have yet encountered of a substance which in higher dosage directly 
stimulates the output of impulses from the ganglion cells, and in sub- 
liminal doses sensitizes them to the effects of preganglionic impulses and 


Fig. 11. “Wig. 12. 


Fig. 11. Nictitating membrane. Effects of KCl on perfused ganglion. A and C 0-1 mg., 
B 0-2 mg.; between B and C eserine 1 in 5 x 10° added to perfusion. 


Fig. 12. Nictitating membrane. Response to equal groups of submaximal preganglionic 
stimuli. Between B and C 0-1 mg. KCl injected by perfusion. - 


of stimulating alkaloids. The minimal dose of KCl which, injected into 
the perfusion. cannula, caused stimulation of the ganglion cells, as shown 
by contraction of the nictitating membrane, varied in different experi- 
ments between 0-2 and 0-4 mg. In the experiment illustrated in Fig. 11, 
0-1 mg. of KCl at A was without direct stimulating action, but 0-2 mg 
at B caused pronounced retraction. Between B and C the perfusion 
fluid was replaced by one containing 1 in 5 x 10° eserine, and a further 
dose of 0:1 mg. KCl, at C, now had a definite effect, though much less 
than that of 0-2 mg. before eserine. This illustrates the slight sensitizing 
effect of eserine on the ganglion cells to stimuli in general, described in 
an earlier section. It will be seen, however, that it does not increase 
the effective equivalent of a dose of KCl by more than 50 p.c., in contrast 


to the eightfold to twentyfold increase in the effectiveness of acetylcholine 
(see p. 113). 
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Fig. 12 illustrates the sensitizing effect of a subliminal dose of KCl. 
In this experiment the threshold dose for direct stimulation was 0-4 mg. 
Equal periods (10 sec.) of submaximal stimulation were applied to the 
cervical sympathetic nerve, with fluid electrodes at intervals of 3 min. 
(sec. coil, 19 cm., 18 stimuli per sec.). A and B show the effects of two 
control periods. Between B and C 0-1 mg. of KCl was injected, and 
produced no direct effect. The ensuing stimulation at C, during the 
passage of the KC] through the ganglion, shows a definite potentiation, 
but, with the washing out of the extra potassium ions, a further period 
of stimulation produces a response of the original amplitude, shown at D. 
The stimulating effect of acetylcholine, choline, or other stimulant 
alkaloids is similarly enhanced by subliminal doses of potassium ions. 
It is easier, in such a case, to obtain a numerical value from the 
sensitization, by determining equivalent doses with and without 
potassium. The increase of sensitiveness is thus found to be of the order 
of 50 p.c.—a definite but not very large effect. 


DISCUSSION. 


The observations here recorded have been separately discussed in 
connection with their detailed presentation. Taken together they seem 
to us not only to be compatible with the conception of transmission at 
the ganglionic synapses by the liberation of acetylcholine, but to give it 
additional support. 

The only important arguments yet advanced against this conception 
are those based by Eccles on his observations on the effects of eserine. 
Recording the electrical potential changes in the ganglion and the post- 
ganglionic nerve bundle, in response to single preganglionic volleys, with 
the natural circulation intact, Eccles administered eserine by the 
general circulation in different doses, and recorded observations which 
appeared to him to be incompatible with transmission by acetylcholine. 
_ These observations were as follows: 

(1) With smaller doses of eserine he observed no potentiating effect 
on the electrical response to a single preganglionic volley, and with 
larger doses he observed a depressant effect. We have already discussed 
these points, and have shown that eserine, applied by perfusion in a 
weak, accurately known dilution, does, in fact, potentiate the summed 
effect of a group of submaximal preganglionic volleys, and that its 
paralysing action on the ganglion cells in higher concentration, when 
examined in detail, is entirely compatible with the ey of transmission 
by acetylcholine. 
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(2) The facilitating action of a first preganglionic volley, on that of 


@ second submaximal volley, following at an interval of 10-100c, was 


.found by Eccles to be unaltered by a moderate dose of eserine. This 
negative observation cannot have any significance for the question of 
transmission by acetylcholine, unless it is assumed that the persistent 
facilitation, or excitatory state, is due to persistence of the synaptic 
transmitter. If this assumption could be justified, it might be used by 
itself, without any reference to eserine, as an argument against acetyl- 
choline as the transmitter; for our own observations suggest that 
persistence of acetylcholine at the site of its action, after its immediate 
stimulant effect had been produced, would be more likely to depress 
than to facilitate the effect of a further stimulus. We have discovered 
no ground, however, for the assumption. The available evidence suggests 
that the facilitation is due to the persistence in the ganglion cell of a 
condition following and caused by its own response to a previous 
stimulus, whether effective in the output of an impulse or not, rather 
than to persistence of the transmitter, which acted as the stimulus. It 
would be difficult otherwise to explain Eccles’ own observation that the 
facilitation increases after 100 from the first stimulus, to reach a 
maximum at 15c. His observation that application of weak nicotine to 
the ganglion abolishes the facilitation before transmission is affected, 
taken with our own evidence that nicotine affects the ganglion cell, and 
not the synaptic mechanism, is again in favour of locating the effect 
responsible for facilitation in the ganglion cell. We have no direct 
evidence as to the nature of a change in a ganglion cell which, persisting 
after its response to one excitation, would lower the threshold of its 
response to another. It is justifiable, however, to recall in this connection 
the fact that we have found in potassium ions a stimulant of ganglion 
cell activity, which in subliminal concentration produces a facilitation 
of the response of the cells to preganglionic impulses, or to artificially 
applied acetylcholine. If the response of a ganglion cell to a stimulus 
_ involved the mobilization of potassium ions in its substance or on its 
surface, our evidence suggests that the cell would, in fact, be rendered 
more excitable to a further stimulus so long as this condition persisted; 
but we mention such a possibility only to show that the phenomenon 
of facilitation may find an explanation, without assuming, against 
the evidence as we read it, that persistence of the synaptic trans- 
mitter must be the cause, In relation to such an alternative explana- 
tion, the lack of an action by eserine on facilitation would clearly be 
irrelevant. 
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SuMMARY. 


1. Impulses passing along the vagus fibres through its ganglion, 
without synaptic interruption, liberate no acetylcholine, and antidromic 
impulses into the cells of the sympathetic ganglion are similarly in- 
effective. It is concluded that the liberation of acetylcholine by pre- 
ganglionic impulses occurs at the synapses. 
2. Preganglionic impulses liberate acetylcholine in the ganglion with 
natural circulation, as in that artificially perfused. 
3. The quantity of acetylcholine appearing in the venous effluent from 
the ganglion, in response to a single maximal preganglionic volley, was 
from 6 x 10-* to 1 x 10~*y, or of the order of 10-*y (10-* g.) per synapse. 
4. Acetylcholine, choline, hordenine methiodide, arecoline and 
nicotine, applied to the ganglion by perfusion, all stimulate the ganglion 
cells in small doses and paralyse their response to such stimuli, or to 
preganglionic impulses, when applied in larger doses. _ 
5. Hserine,. perfused through the ganglion in weak concentration 
(e.g. 1 in 10°), strongly sensitizes the ganglion cells to injections of acety]- 
choline, lowering the threshold dose 8 to 20 times. It has a weak, 
non-specific sensitizing action, lowering the threshold dose by } to } for 
the other substances mentioned under (4), and for potassium ions. 
Similar low concentrations of eserine cause a definite potentiation of the 
response to a group of submaximal preganglionic stimuli. 
6, Eserine in stronger concentrations (e.g. 1 in 10*) completely 
abolishes the response of the ganglion cells to nervous impulses or 
chemical stimulants. The effect resembles the paralytic effect of nicotine. 
Paralysis by either alkaloid leaves the release of acetylcholine by 
preganglionic impulses unaffected. The responses of the cells to such 
impulses and to acetylcholine disappear and reappear together. 
7. Adrenaline, histamine and adenosine have no effects on the 
ganglion. Atropine and strychnine in moderate doses have no specific 
actions, but paralyse the ganglion cells in larger doses. 
8. Potassium ions stimulate the ganglion cells, the threshold dose of 

_ KCI, injected by perfusion, being 0-2-0-4 mg. A subliminal dose of KCl 
raises the excitability of the ganglion cells, to preganglionic stimuli, to 
acetylcholine and to other chemical stimulants, during its passage 
through the ganglion. 

9. It is suggested that these new items of evidence entirely support 
_ the conception of transmission at ganglionic synapses by liberation of 
acetylcholine. | 
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VARIATION IN THE ACTIVITY OF THE RABBIT 
HYPOPHYSIS DURING THE REPRODUCTIVE CYCLE. 


By R. TOWNER HILL. 
(From the National Institute for Medical Research, London.) _ 


(Received July 28, 1934.) 


THE discovery that ovarian activity is primarily controlled by substances 
elaborated in the anterior pituitary body implied cyclic activity of the 
latter. Attempts to demonstrate such a cycle in the anterior hypophysis 
have been made by two methods: (a) histological examination, and (5) de- 
termination of the amount of gonadotropic substances present in the 
pituitary at various phases of the reproductive cycle. A great deal of 
work has been done on the alleged histological cycle without producing 
very decisive results [see Allen, 1932]. As regards the second method, 
two chief types of assay are in use, namely the determination of the power 
of the hypophysis to cause (a) ovulation in the cstrous rabbit, and 
(6) growth of the immature rat or mouse ovary. The second of these has 
been most commonly used, but the first is the more definite and the more 
quantitative. The two methods give very different results, and the first 
will not be discussed here. Using the rabbit ovulation tests, Wolfe [1931] 
found that the potency of the anterior lobe of sows decreased at the 
onset of cestrus, and further decreased during pregnancy, but no attempt 
was made at a quantitative assay in correlation with definite stages of 
cy. 

Fee and Parkes [1929], and Smith and White [1931] have shown 
that the removal of the pituitary by decerebration, less than 1 hour after 
mating, inhibits the ovulation which would otherwise take place 10- 
12 hours later. If, however, the time elapsing between mating and 
hypophysectomy exceeds 1 hour, ovulation follows in normal sequence. 
From these experiments it seemed likely that very rapid functional 
changes must take place in the anterior lobe of rabbits in the first few 
hours after mating, and that an accurate knowledge of those changes — 
would be of importance. It was decided therefore to obtain and assay 
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rabbit pituitaries at various stages of the cycle, using the rabbit ovulation 
test, which the recent work of R. T. Hill, Parkes and White site has 
put on a quantitative basis. 


I. MATERIAL AND METHODS. 
Collection and preparation of material. The entire pituitary glands were 


_ collected from female rabbits at various stages of the cycle. Those at 


30 min. post-coitum were obtained by decerebration, the others by killing — 
the rabbits at the desired stage. 

dus to bé in: contcus were. isolated for month and 
carefully examined at the time of killing. The pituitaries from any doubt- 
ful animals were discarded. The post-partum pituitaries were collected as 
soon as possible after parturition, usually about 50 min. after the delivery 
of the first young. All the glands were treated alike, being desiccated in 


- 10-20 volumes of acetone for 24 hours, and then dried in a current of 


warm air heated to 30-35° C. When thoroughly dry they were ground in 
a small glazed mortar, put through an 80-mesh sieve, and weighed and 
stored at 0° C. until use. | fae 

Injection and preparation of animals. The material was injected as a 
fine suspension. Preliminary experiments, the injection of appropriate 
amounts into groups of ten cestrous rabbits, and the laparotomies, were all 
carried out as described by R. T. Hill, Parkes and White [1934]. 

Calculation of activity. The calculation of the number of rabbit ovula- 
tion units present in the assayed material was done from the standardiza- 
tion curve for anterior lobe extracts given by the above-mentioned 
authors. The expression of weight per unit and units per gram is for 
convenience in comparing with other species. The number of units per 
rabbit pituitary is also given. Ali calculations were made on the basis 
of the weight of dried gland. The figures snout 
10 p.c, 


Il. CyoLic VARIATION IN THE CONTENT OF THE HYPOPHYSIS. 


Cistrus. The assay of hypophyses from oestrous animals gave a 
comparatively high figure (see Table I and Fig. 1), s.e. 1560 units per g. 
As the average weight of a desiccated cestrous rabbit pituitary is 7-8 mg., 
and 0-64 mg. equals one unit, the average gland, before mating, contains 
about 12 ovulation units, 

_ Thirty min, and 24 hours after mating. The pituitaries collected 30 min. 
post-coitum gave 1 unit per 0-82 mg., 1220 units per g. or 10 units per 
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- pituitary. By comparison, these glands were about 80 p.c. as active as 


those from oestrous animals. Twenty-four hours after mating an cestrous 
rabbit has ovulated and begun to form corpora lutea. Assay of the 
pituitaries collected at this time gave interesting data. Only 210 units 
per g. remain in the tissue; 1 unit per 4-7 mg. or 1-5 units per pituitary. 
The ovulation-producing substance in the gland is very nearly depleted, 
having dropped to one-eighth of the estrous amount. Probably most of 
the secretion takes place in the first two or three hours following coitus 
(Section IIT). 


Pregnancy. As pregnancy continues, the potency of the hypophysis 


_ increases rapidly. With the formation of corpora lutea, and the assump- 


tion of their phase of maximum activity indicated functionally and his- 
tologically [Deanesly and Parkes, 1931], the units per gram of hypo- 
physis increase to 2500 (Fig. 1, Table I). This is nearly 70 p.c. greater 
than the activity found in glands from cestrous animals. During late preg- 
nancy (25 days) the potency has fallen, being only 1000 units per g. of 
pituitary tissue, a figure well below the content at cestrus (Fig. 1, Table I). 

The material from post-partum rabbits gave the theoretically ex- 
pected results; the potency was directly between that for the 25-day 
pregnant stage and that for the oestrous condition (Fig. 1, Table I). 
Since post-partum rabbits return to cestrus in about 2-3 days in the 
absence of suckling young, the curve shown in Fig. 1 is completed at this 
point, 33 days post-coitum,by a duplication of the original estrous value 


_ given at the beginning. 


Pseudo-pregnancy. The rabbits used for the stages of pseudo-preg- 
nancy were not pseudo-pregnant following sterile matings, but following 


ovulation induced by the injection of anterior lobe substance. 

Since the pseudo-pregnant phase is about two-thirds the length of true 
pregnancy, the material collected and tested for pseudo-pregnancy was 
taken at times which might show the possible similarities of the two condi- 
tions. At 4 days’ pseudo-pregnant (the number of days counted from the 
day of ovulation) the pituitaries contained 830 units per g. (Fig. 1, 
Table I), a much increased content compared to the 24-hour stage. At the 
10-day stage the pituitaries gave 2500 units per g., a result identical with 
that for the 15-day pregnancy stage. Similarly the pituitaries at 16 days 
pseudo-pregnant correspond in potency with those at 25 days’ true preg- 
nancy. At this stage the curve falls below its starting point at cestrus. 

A pseudo-pregnant rabbit returns to oestrus at the end of 3 weeks, so 
it is legitimate to transpose the value obtained from cestrus pituitaries to 
1). 
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Fig. 1. Variation in the activity of the rabbit hypophysis. (Units 
per g. desiccated tissue.) 
I 
Av. wt. of 
; tery Wt. per 
Stage used mg. mg. g- approx.) 
Estrus 23 78 0-64 1560 12-0 
4 hour after mating ll 8-0 0-82 1220 10-0 
15 days pregnant 10 702 .isCéC 2500 18-0 
” | 10 71 10 1000 7-0 
50 min. post-partum 4 7-0 0-75 1330 9-0 
days peeudo-pregnant 3 7 8-7 1-2 830 7-0 
10 ll 85 2500 21-0 
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III. EstrIMATION OF THE G@STRUS AND THE IMMEDIATE POST- 
COITUM SECRETION BY THE PITUITARY. 


The results outlined above deal only with the actual amount of the 


- ovulation-producing substance present in the pituitary at different 


phases of the cycle, and give little information as to the amount of the 
substance secreted by the gland. At best all that can be said is that the 
amount secreted during a given period is not less than the change in the 
content of the gland during the time. 

It seemed possible that some estimate of the eseoans of immediate 
post-coitum secretion could be arrived at by determining the amount of 
ovulation-producing substance necessary to complete ovulation in — 
rabbits hypophysectomized at various times up to 1 hour after copula- 
tion. The relation between the amount required to ovulate the normal 
cestrous, and the decerebrated cestrous, rabbit has also been determined. 
Ovulation of the hypophysectomized estrous rablit. The pituitaries of ten 
cestrous rabbits were removed by decerebration [Fee and Parkes, 1929]. 
Subsequently the animals were given an intravenous injection (saphenous 
vein) of a quantity of anterior lobe of known strength, +.¢e. 1-5 mg. horse 
pituitary. It had previously been determined that 0-81 mg. of this 
material was a unit for normal cestrous rabbits. In the hypophysectomized 
rabbits 1-5 mg. elicited a 60 p.c. positive response. Thus, in these acute 
experiments, and in the absence of the pituitary, 14 units are required to 
cause a 50 p.c. positive response. The extra 4 unit (0-4 mg.) required to 
give the reaction in hypophysectomized cestrous rabbits (decerebrates) is 
no doubt partly accounted for by the loss of the secretion normally 
taking place in the cestrous rabbit. It is clear, however, that this cannot 
amount to 4 unit per hour, an amount sufficient to cause ovulation in a 
small percentage of animals, so it must be supposed that the decerebrate 
preparation is less sensitive than the intact animal. Even so, however, 
the decrease in sensitivity indicated by the above results is comparatively 
slight, nothing like so great as has been suggested by critics of the work 
of M. Hill and Parkes [1931] on the decerebrate preparation. _ 

Secretion up to 30 min. after mating. A group of ten cestrous rabbits 
were mated, and 30 min, later the pituitary was removed by decere- 
bration. Within 5 min. after hypophysectomy 0-5 mg. of the same horse 
pituitary preparation was injected. Four of the animals ovulated within 
the normal time (about 12 hours), showing that about 0-6 mg. or } unit 
would have caused ovulation in 50 p.c. of such animals. In other words, 
of the 1} units required to produce ovulation in the hypophysectomized 
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cestrous rabbit, one-half is secreted within 30 min. if the pituitary. is left 
intact. This figure is valid, because the condition of the acute preparation 
is the same whether decerebration is carried out without or after mating. 
Assay of the pituitary content showed (p. 130) that 2 units were lost 
in the first 4 hour post-coitum. Estimation of the pituitary secretion — 
during this time gave a result of ? unit. As the assays are only accurate 
to within about 10 p.c., this must be considered to be fair agreement. 
Both figures are probably rather too high, because even } unit should 
cause ovulation in a small percentage of animals, whereas ovulation in a 
rabbit hypophysectomized 30 min. after mating has not been recorded. 
Secretion 4-14 hours after mating. The output by the pituitary during 
this time has not been estimated even indirectly, but it can be calculated 
with some confidence. We know that the amount of active substance 
necessary to cause ovulation is secreted by 1-1} hours after mating. The 
amount required to cause ovulation in 90 p.c. of rabbits is about 3 units. 
Further, removal of one-half of the circulating blood at 1-1} hours, after 
mating, does not inhibit ovulation [McPhail, Parkes and White, 1933], 
so that at least twice as much hormone is secreted as is actually required!. 
As much as 6 units may therefore be secreted by 1-14 hours after mating. 
_ Secretion 12-24 hours after mating. In rabbits which are induced to 
ovulate by injection, the corpora lutea form in a normal manner and 
pseudo-pregnancy sets-in. The act of ovulation presumably stimulates the 
pituitary body to produce the necessary luteinizing stimulus. In view of — 
this it seemed possible that information of value might be obtained by an 
examination of the activity of the pituitary 12 hours after ovulation when 
the ovulation-producing stimulus had been provided artificially. 
(Estrous rabbits were injected with an amount of anterior lobe extract 
just sufficient to cause ovulation. Twenty-four hours after injection the 
rabbits were killed and their pituitaries assayed. They gave a net content 
of 1000 units per g. dry tissue, i.e. 7-5 units per gland (Table I). Since the 
content of normal oestrous rabbit pituitaries was 12 units per gland, it 
seems that approximately 4-5 units have been lost after induced ovulation. 
With a constant cestrous level of secretion, anda supplementary injection of 
sufficient amount to cause ovulation, the lossin pituitary content represents 
the minimum amount secreted towards the formation of new corpora 
lutea. The maximum amount might, of course, be much greater if the 
gland is elaborating the material as well as secreting it. The difference in 
the pituitary content after natural and induced ovulation represents the 


+ This calculation assumes that blood dilution does not result in compensating hyper- 
activity by the pituitary. | 
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minimum amount secreted by the pituitary towards ovulation, and the 
value obtained by this method, 6 units, is almost absurdly similar to that 
calculated by the first method. 


IV. Discussion. 


The curves given in Fig. 1 are strikingly similar, that for pseudo- 
pregnancy being a contracted version of that for pregnancy, i.e. the 
pituitary content cycle is fundamentally identical in the two conditions. 
The greater duration of the cycle in the pregnant condition is clearly due 
to the presence of foetuses, and confirms the supposition of an embryo- 
pituitary relationship. Whether or not the secretion cycles are similar in 
the two conditions is not established; it would depend on the reliance 


placed on the pituitary contents as an index of secretory activity. There 


can be no doubt that the drop in pituitary content of the hormone 
immediately after mating is accompanied by rapid secretion. Equally, the 
rise in the content during the early growth of the corpus luteum almost 
certainly means a low level of secretion, a supposition in keeping with the 
observation of Smith and White [1931] that this early growth may 
occur even after hypophysectomy. On the other hand, it is difficult to 
say whether the high content of the gland in the middle of pseudo- or 
true pregnancy indicates a high or a low level of secretion, but on the 
whole the secretion is likely to be high at this time. The drop in the 
content of the pituitary towards the end of the cycle can scarcely be 
considered to indicate a high level of secretion, and is probably associated 
with comparative inactivity of the gland. The high content of the 
gland at cestrus is almost certainly in the nature of a reserve awaiting 
the sudden stimulus of mating, because the maintenance of ripe fol- 
licles in the ovary is not likely to call for a high level of secretion of 
the ovulation-producing substance. 


VY. Summary. 


1, An assay of the ovulation-producing potency of pituitaries from 
rabbits in various stages of pregnancy and pseudo-pregnancy has been 
made by means of the rabbit ovulation test. 

2. The cycle in the pituitary content appears to be very similar in the 
two conditions, that in pseudo-pregnancy being a contracted version of 
the one in pregnanoy. 

3. An attempt has also been made to estimate the amount of the 
immediate post-coitum secretion of the pituitary gland by determining 
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the amount of the ovulation-producing substance necessary to com- 
plete ovulation in animals hypophysectomized less than 1 hour after 
mating. 


I wish to take this opportunity to express my sincere gratitude to the Medical Research 
Council and to Sir Henry Dale for the hospitality of the National Institute for Medical 
Research, London, during the year July, 1933, to June, 1934. | 

in, my work during this time. 
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SPECIES VARIATION IN THE GONADOTROPIC 
ACTIVITY OF THE HYPOPHYSIS. 


By R. TOWNER HILL (National Research Council Fellow). 
(From the National Institute for Medical Research, London.) 


(Received July 28, 1984.) 


Ir is recognized that the hypophyses of different species differ greatly in 
their power to stimulate the gonads of test animals. Thus Smith [quoted 
by Bugbee, Simond and Grimes, 1931] noted that the pituitaries of 
both pigs and sheep were more potent than those of cattle, and according 
to Wallen-Lawrence and van Dyke [1931] the difference may be as 
much as ten times. Recently Hellbaum [1933] stated that horse 
pituitaries are about four times more active than ox pituitaries, Age and 
sex differences in the activity of the anterior lobe, as well as changes due 
to castration and injection of sex hormones, have been described by many 
writers [references in Allen, 1932]. Most, if not all, of this work, however, 
has been done with immature rats or mice, and these test animals, as 
_ pointed out by Lipschiitz, Reyes and Vinals [1932] and Hill, Parkes 
and White [1934] give entirely different results from those observed on 
estrous rabbits. The rabbit ovulation test has now been put on a quanti- 
tative basis [Hill, Parkes and White, 1934] and it seemed desirable to 
re-examine these apparent species and sex differences. The power to 
induce ovulation in the cestrous rabbit is a well-defined criterion of 
activity, and is much more satisfactory than the multiple reaction of the 
immature rat or mouse. 

Leonard [1931], who tested several preparations on both rabbits and 
immature rats, suggests a possible separate ovulation substance, un- 
connected with any previously described anterior lobe hormone. How- 
ever, in the light of the experiments of Wolfe [1931], Wolfe and Cleve- 
land [1931], Hill [1933], Hill [1934], Evans and Simpson [1929 a, 5] 
and of many others, it seems probable that ovulation-producing activity 
is directly connected with the principles known to stimulate vameonee’ 
and luteinization. — 
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I. MATERIAL AND METHODS. 


Preparation of animals and material. The preparation of test rabbits is 
similar to that described by Hill e al. [1934] for routine assay. Ten 
cestrous animals were used for the assay of each preparation except 
where otherwise specified (Table I). The rats used were 23-25 days old 
when injections were started. They were given two daily subcutaneous 
injections for 5 days, and killed on the sixth day. Increase in ovarian 
weight (over normal controls) was taken as a sign of stimulation. 


| Taste I. Activity of the hypophyses of various species assayed on } 


cestrous rabbits. 
Av. wt. 
acetone 
No, of desiccated of Units. 
pituitary per 
Species Sex obtained mg. Notes 
Cat 3 5 6-6 0-32 3120 _ 
Baboon . 2 27-0 0-40 2500 ~~ 
Leopard g 1 23-0 0-50 2000 —_ 
Sheep — — 0-54 1865 A.L, only 
Pig — — 0-64 1560 A.L. only 
Rabbit 2 23 78 0-64 1560 oo 
Rat 102 1 0-75 1330 —_— 
8 11-0 0-81 1230 - — 
Horse 0-81 1230 
Rabbit g 15 4:8 0-81 1230 _ 
Rabbit* 9 3-4 0-81 1230 _—— 
Rat 76 16 0-94 1060 
Cat 9 10 6-3 1-2 800 — 
Human 3 71-0 16 620 64 years old 
Dog 10 10-1 1-9 510 
Deer 740 3-0 
Guinea-pigt ¢ 24 1-9 3-4 290 _ 
Ox 3? 6-1 160 ALL. only 
Guinea-pigt 51 2-1 10-9 90 
* 3-4 months of age. 
f Assay on seven cestrous rabbits. 
Assay on eight estrous rabbits. 


The pituitaries of a large number of animals were collected (see Tables 
I and II for list) immediately after death, except for a very few cases in 
_ which there was a lapse of a few hours. The glands were dropped into a 
large excess of acetone for 24 hours, and then dried in warm air, ground, 
sifted through an 80-mesh sieve, and stored at 0° C, until use. The whole 
pituitary was taken except in the case of the glands from ox, sheep and 
pigs, of which only the anterior lobe was obtained. In Tables II and III 
the figures for horse glands are calculated for anterior lobe only, based on 
the observed fact that the posterior lobe amounts to about 20 p.c. of the 
whole. The glands from cattle, pigs and sheep were collected at random, 


“ay 
vy 
te 
* 
‘ 
i 
| 
| 
4 
4 
q 
3 
3 
= 
4 
5 
2 
3 
‘ 
> 


. ACTIVITY OF THE HYPOPHYSIS. 139 
and may have included pregnant females and castrated males. The horse 


material was from non-pregnant mares and castrated males. Some of the 


female rats may have been pregnant. Otherwise the sex and condition 
were known of all animals from which material was collected. _ 


Taszz II. Activity of horse, ox, sheep and pig anterior hypophyses 


assayed on immature rats. 

No. of ovarian Rabbit units 
immature Source of Amount given increase per amount 
rate used pituitary mg. * 

3 Horse 2-0 3 3 
4-0 16 

3 ” 8-0 66 12 
3 - 16-0 171 

3 - 99 24-0 175 

3. Pig 10-0 10. 16 
3 20-0 18 31 
3 os 40-0 41 63 
3 ” 80-0 74 125 
3 Sheep 15-0 68 

3 i 30-0 127 54 
3 Ox 20-0 5 3 
3 a 40-0 2 7 
3 100-0 


* To nearest whole number. 


Taste III. Relative potency of the anterior hypophyses of horse, - 


ox, sheep and pig. 
Amount required 
to produce 
increase in im Rabbit units Relative 
Source of mature rat per amount tency in ate lc 
pituitary ovary (mg.) given 
Horse 6-7 12 143-200 9 
Swine 17-25 
Sheep 16 28 62-100 ll 
Ox 1000-1500 165-200 


All injections were made in the form of suspensions of the desiccated 
powder, to avoid extraction, which would have introduced a variable 
factor and which would in any case have been difficult where the amount 
of tissue was small. Two sets of control experiments were carried out with 
reference to this technique. 

Efficiency of acetone desiccation. The question of loss of activity during 
acetone desiccation was investigated as follows: 100 g. of fresh ox anterior 
lobes were dissected out and minced. 50g. were put through routine 
acetone desiccation, and 50g. were immediately extracted with N/20 
NaOH for 18 hours at 0° C., after which the preparation was neutralized 
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and centrifuged. The acetone dried material was subjected to the same 
extraction procedure. Assay of the two extracts gave similar results by 
the rabbit ovulation test and showed that no loss had occurred during 
desiccation. 

Stability of desiccated preparation. Coincident with the assay of a large 
number of samples, it was decided to test the effect of -heat on our dry 
powders. For this purpose about 0-3 g. of powdered horse pituitaries was 
put in a glass tube which was then allowed to stand in a desiccator over 
P.O, for 1 week at a pressure reduced to 15 mm. Hg. At the end of this 
time the tube was sealed off, and immersed in boiling water for 5 hours. 
Assay proved that this heated material retained full potency in the 
ovulation-producing principle, and confirmed the results of Askew and 
Parkes [1933] on urine of pregnancy preparations. Sterile preparations 
have been made by suspending the heated dry powder in aqueous or 
other media. Emulsions made in this manner have remained sterile ‘ 
after 10 days’ incubation at 37° C. 

Expression of results. All results are expressed as units [see Hill, 
Parkes and White, 1934] per gram of dry gland tissue, and where useful 
the weight of the unit of different preparations and the number of units 
per pituitary are also given. 


II. Assay ON G@STROUS RABBITS. 


Throughout the experiments there is a marked lack of similarity be- 
_ tween the potency of the glands of the two sexes of a species, or between 
the glands of closely related species. Assay of male cat pituitaries gave 
an extremely high result (Table I) at 3120 units per g., while female cat 
glands only showed 800 units. A female leopard pituitary gave 2000 units 
per g. In dogs, the gland of the female was the stronger, with 1230 units 
per g. as against 510 in the male. 

Rodents were found to be very variable: female cestrous rabbit, 1560; 
male rabbit, 1230; male rat, 1330; female rat, 1060; female guinea-pig, 
290; and male guinea-pig, 90 units per g. This work, although carried out 
with acetone desiccated glands instead of fresh material, supports the 
finding of Wolfe and Cleveland [1931] that the pituitaries of im- 
mature rabbits (3-4 months old) are as potent as those from full cestrous 
adults. Our results show that immature rabbit pituitaries contain 1230 
units per g., and those of adult females 1560 units per g. 

Ruminants likewise varied greatly, with sheep at the high figure of 
1860 units per g., and ox and deer at the opposite end of the scale with 
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160 and 330 units per g., respectively. No correlation was found in the 
two primates tested, man and the Hamadryas baboon, with 620 and 
2500 units respectively. 


III. Assay ON IMMATURE RATS. 


In only four species was the material sufficient to assay on immature 
rats, namely: horses, sheep, pigs and cattle. The results are summarized 
in Table II. The greatest efficiency of this type of assay is when the dose 
given causes about a 60 mg. increase in ovarian weight of the test animals 
(immature rats). With the ox anterior lobes, however, it was not found 
possible to produce so large an increase. In Table III are shown the 
theoretical amounts of horse, pig, sheep and ox anterior lobes to produce 
a similar ovarian weight increase in immature rats. The last two columns 
of Table III also give the relative potencies of the anterior lobes as as- 
sayed on rats and rabbits. The ox glands, which are comparatively 
inactive, are considered as 1, and comparable figures are given for 
horse, sheep and pig anterior lobes. Horse and swine anterior lobes are 
equally potent by the rabbit ovulation test, being nine times more potent 
than ox. Sheep are slightly better at about eleven times greater potency. 
Assayed on immature rats, horse glands are much the strongest, followed 
by those of sheep, swine and ox respectively (Table ITT). 


IV. Evrect OF TREATMENT ON OVULATION-PRODUCING 
ACTIVITY OF THE HYPOPHYSIS. 

Male and female rabbits were gonadectomized to determine the effect 

on the ability of the pituitary to induce ovulation in the cestrous rabbit. The 

pituitaries from male rabbits which had been castrated 1 month showed 


Tastxz IV. Effect of gonadectomy on the activity of the rabbit hypophyses. 


Av. wt. 
of acetone Loss in 
pituitary Units per per per 
Species Sex Treatment obtained mg. pituitary mg. g- 
Rabbit ¢ Normal 15 4-8 5-9 0-81 1230 _ 
” Imonth 6 5-3 0-96 1040 -190 
castrate 
7 6:3 1-50 670 -560 
g Normal 23 78 12-2 0-64 1560 
menth 12 9-5 0-81 1230 -330 
castrate 
” 1] 9-5 9-9 0-96 1040 -520 
Cat Normal 5 206 032 3120 
” g 4 11-0 13-6 081 1230 -1890 
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a decline of 190 units per g., and after two months a still greater decrease 
of 560 units from their normal controls (Table IV). Ovariectomy in 
female rabbits had a similar effect. The values at 1 and 2 months after 
castration showed a decline of 330 and 520 units per g. respectively from 
the normal cestrous animals, 

In the course of collecting cat pituitaries several castrated male cats 
came to hand, probably one or more years after the operation. The drop 
in potency of the pituitaries is very significant, 1890 units per g. less being 
obtained than for normal male cat glands. 


1600+ 


1400- 


200 


1 2 
Months after gonadectomy 
7 Fig. 1. Effect of gonadectomy on the potency of the rabbit hypophysis. 


V. Discussion. 


General acceptance has led to the use of the term “gonadotropic” 
activity. With the rapid advancement of research, the word “gonado- 
tropic” must certainly be used with discretion; a substance which may 
prove gonadotropic in one test animal may not prove so with another | 
species and a different criterion of activity. The inadequacy of the term 
is shown by the effects of gonadectomy on hypophyseal activity. Evans 
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and Simpson [1929 a, 6], Domm [1931], Hill [1933] and others have all 
mentioned the increased “gonadotropic” potency of the pituitaries 
from castrated donors, using immature rats or fowl as test animals. The 
present work, where the oestrous rabbit is the test animal, gives an 
opposite result (Table IV, Fig. 1). The greater potency of the anterior 
lobes of castrated donors, when tested on immature rats and mice, must 
be due primarily to their greater power of eliciting follicular growth as 
compared with the glands of normal animals. It seems likely that the 
decreased ability of the pituitary from a castrated donor to cause ovula- 
tion in the cestrous rabbit is due to a decrease in the substance causing 
luteinization. On the other hand, since a positive test in rats consists of 
. follicular growth and subsequent luteinization, and in rabbits of the 
ovulation of a naturally mature follicle, it is possible that different 
substances enter into the reactions. It seems most probable, however, 
that ovulation in the rabbit depends on principally the luteinizing 
substance, or possibly on a delicate balance between the luteinizing and 
follicle-growing principles. 

Evans and Simpson [1929 a, b] and Nelson [1933] found male rat 
pituitaries more potent than those of females, as tested by implants into 
immature female rats. Domm [1931] reported the same result for fowl. 
On the rabbit ovulation test the hypophyses of female rabbits and dogs 
are more potent than those of the males, while in cats and rats the reverse 
is found. 

Further evidence of the difference in the results obtained from assay — 
on immature rats and cestrous rabbits is provided by the fact that whereas 
horse and pig glands are about equally potent on the latter, horse glands 
are nearly ten times more potent on immature rats. It is of interest that 
ox glands, by far the most common source of material, are shown to be 
extremely weak by either system of assay. i 


VI. Summary. 


1. The comparative gonadotropic potency of the pituitaries of a bie 
number of species has been determined by the rabbit ovulation test. No 
correlation is found between related species or between the two sexes of 
single species. In cats and rats the pituitaries of males are stronger than 
those of female, while in rabbits and dogs the reverse is true. 

2. Gonadectomy of the animals tested (male and female rabbits and 
male cats) causes a significant decrease in the power of the pituitary to 
cause ovulation in the rabbit. The relationship between assay on im- 
mature rats and on cestrous rabbits is discussed. 
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THE ASSAY OF PROGESTIN. 


By M. K. McPHAIL (1851 Science Research Scholar). 
(From the National Institute for Medical Research, London. ) 


(Received September 3, 1934.) 


Many effects have been attributed to the active principle or piitisiphke 
of the corpus luteum. Hisaw [1927, 1929] described relaxation of the 
guinea-pig pubic symphysis following administration of an extract of the 
corpus luteum, but later, Fe vold, Hisaw and Meyer[1930] showed that 
this reaction was not due to the important hormone of the corpus luteum 
discovered by Corner and Allen [1929], which causes progestational 
proliferation of the uterus. Other physiological effects described have 
been the sensitization to deciduomata formation of the uterus of castrate 
rats and guinea-pigs [Weichert, 1928; Goldstein and Tatelbaum 
1929], the causation of mucification of the vaginal mucosa of mice 
[Harris and Newman, 1931] and the production of the premenstrual 
endometrium in the uterus of the monkey [Hisaw et al., 1930]. These 
reactions, however, are not all due to the same active principle, as has 
been demonstrated by Robson [1931] and Meyer and Allen [1932]. 
Knaus [1930] showed that during the luteal phase of pregnancy and 
pseudo-pregnancy the excised rabbit uterus loses its in vitro response to 
pituitrin and suggested a method of assay based on this fact. De 
Fremery, Luchs and Tausk [1932], however, found that there was no 
direct correlation between the power of extracts to cause this reaction 
and to produce progestational proliferation of the uterus. 

In connection with a chemical study of the progestational hormone 
of the corpus luteum at present being carried out in this laboratory by 
Dr R. K. Callow, it became necessary to examine methods of biological 
assay. The only two definite’tests for this hormone, appropriately named 
progestin by Corner and his co-workers [Allen, 19306], are the causation 
of progestational proliferation of the rabbit uterus and the sensitization 
of the rat, mouse or guinea-pig uterus to the deciduomata reaction. Of 
the two, the former is almost certainly the more reliable, but there is no 
general agreement in the technique of employing this reaction in the 
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assay of progestin. Corner and Allen [1929] described their method in 
detail; it consisted of the use of adult cestrous animals, which were mated 
and then castrated about 18 hours later. The corpus luteum extract was 
then given subcutaneously daily for 5 days. Fevold and co-workers 
[1932] define a unit of the hormone as that amount which, when injected 
over a period of 4 days following ovariectomy of the oestrous rabbit, will 
cause complete progestational proliferation in the uterus. They do not 
state whether the animals used were mated. Allen [1930 a] studied the 
action of progestin on the immature rabbit, 570-1640 g., after initial 
treatment with cestrin and found that, as in the adult, progestational 
proliferation could be induced regularly, but he- apparently never 
utilized such animals for assay purposes. Clauberg [1930<a, 5, c, d, 
1931], in a series of papers, records his method of testing progestin. 
Rabbits between 600-800 g. in weight were injected for eight successive 
days with 10 mouse units of cestrin and afterwards with five successive 
daily doses of the corpus luteum hormone. They were then killed and the 
uteri examined histologically. Although Clauberg states that the above 
_ method of testing is the most convenient known, he does not give exact 
details of his experiments. 

The test on the immature rabbit is obviously the most convenient if 
it can be made quaAtitative, and the present paper records an examina- 
tion of some of the chief variables in the assay of progestin on this 
animal. 

_ Varvables in the assay of progestin on immature rabbits. 

The more obvious variables are (a) the size of the rabbit, (b) the 
amount of cestrin given to cause the initial growth of the uterus, and the 
duration of treatment, (c) the duration of administration of progestin, 
(d) the nature of the medium for injection and the site of injection, and 
(e) the extent of individual variation in response of immature rabbits. Of 
these, the weight of the animal was standardized as far as possible to be 
between 850-950 g., and both the cestrin and progestin were administered 
intramuscularly in oil solution. Both could have been prepared as emul- 
sions suitable for subcutaneous injection, but since rabbits can easily be 
injected intramuscularly, it seemed preferable to administer the active 
substances in small volumes of oil by this route. 

The conditions required to give the maximum efficiency of the test 
have been ascertained by administering: 

(a) Different amounts of cestrin to immature rabbits over the same 
period of time. 
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(b) A constant dose of corpus luteum extract torabbits sensitized with 
different amounts of cestrin. 

(c) Different amounts of corpus luteum extract over the 4 same time to 
animals sensitized by a standard cestrin treatment. 

(d) The same amount of corpus luteum extract over different periods 


- of time in animals sensitized by a standard cestrin treatment. 


In all these experiments, individual variation has been investigated, 
and allowed for by the use of a group of rabbits for each test. 


I. METHODS AND MATERIAL. 


Animals. All animals were supplied from the Institute’s Farm 
Laboratories at Mill Hill. No discrimination was made between different 
breeds of rabbits, except that unduly light and heavy breeds were avoided. 
The animals selected were as uniform in weight as possible. The extreme 
weights in the series of 106 animals are 700 and 1120 g., the average 
being 877 g. 

Extracts. The cestrin used in this work was cestrone (keto-hydroxy- 
cestrin) supplied by the British Drug Houses, to whom my thanks are 
due. It was administered in the form of an oil solution containing 1000 
International Units (0-1 mg.) per c,c. All quantities of oestrone in the 
following paper are expressed in International Units (1.v.). The pro- 
gestin was obtained in oil solution from Levens Kemiske Fabrik, Copen- 
hagen. With only one exception, indicated below, the same batch of 
material was used in all experiments—“ Lutex Leo, No. 336.” The pre- 
paration was said to contain 1 rabbit unit of progestin per c.c. To dis- 
tinguish this original standardization of the material, these units are 
referred to as ‘‘Lovens units.” 

_ Injections. All injections were made into the hindleg muscles, the 
two legs being used alternately. (strin injections were made every other 
day, and for descriptive purposes one injection is considered as treatment 
for 2 days. Corpus luteum injections were made each day. All animals 
were killed on the day following the last one of treatment. 

Histology. The mammary glands of all animals were examined, and 
preserved whenever it was thought desirable. The ovaries, Fallopian 
tubes, uteri and a small portion of the vagina were removed and fixed in 
Bouin’s fluid. After fixation the tissue was moved to 70 p.c. alcohol, and 
at this stage the organs were dissected and weighed. The weights given 
below are those of pairs; when only one organ was weighed its weight has 
been doubled for comparative purposes. A distal, median and proximal 
10—2 


; 
| 
* 


148 M. K. MoPHAIL. 


segment was cut from each uterine cornu and embedded, so that sections 
of six distinct regions could be cut simultaneously. Sections were cut at 
10 and stained with hematoxylin and eosin. 

In two groups of animals sections were cut of the Fallopian bakes, In 
these same groups weights were recorded of the adrenal and thyroid 
glands. 
Evaluation of proliferation. To evaluate the degree of proliferation of 
the uterus.a method was used similar to that described by Allen [1930a]. 
Five uteri showing graduated degrees of response from the cestrous condi- 
tion to that characteristic of full pseudo-pregnancy were carefully 
selected and designated respectively as 0, 1, 2, 3 and 4 reactions. These 
are shown in Plate I. , 

It will be seen that these type specimens show definite morphological 
stages, in so far as it is possible in what is really a continuous proliferation. 
Proliferation 0 is the cestrous condition, in which the endometrium is 
compact and the comparatively few glands are evenly distributed 
throughout the stroma. The epithelial lining of the lumen is almost 
continuous, being only rarely broken by the mouths of glands (Plate I, 
fig. 2). During the early phases of progestational proliferation glands 
begin to develop round the lumen, but they are quite short and the deeper 
stroma is unaffected (Proliferation 1, Plate I, fig. 3). As a development 
proceeds, the glands increase in number and length. At this and the 
previous stage the darker staining glandular tissue appears to form a 


border to the lumen, while the deeper stroma is still unbroken and lightly 


staining (Proliferation 2, Plate I, fig. 4). Further development results in 
the glands extending and penetrating deeper into the stroma, which in 
cross-section is becoming much reduced in amount. The glands are still 
narrow. The glandular tissue has lost its appearance of being a border 
round the lumen (Proliferation 3, Plate I, fig. 5). Finally, the glands 
penetrate nearly to the myometrium, and in section the stroma is re- 
stricted to the connective tissue cores of the endometrial folds. This final 
stage is especially characterized by distention of the glands, which gives 
a broken-up appearance to the endometrium (Proliferation 4, Plate I, 
fig. 6). 

These type specimens were used throughout as standards for compari- 
son. Sections of the uteri of all animals were studied through a projection 
microscope in such a manner that the image of the uterus under observa- 
tion was thrown on to a table at the same magnification as the photo- 
graphs of the standards which were kept alongside for comparison. In 
estimating the degree of proliferation, the six sections of each uterus 
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Uteri of immature rabbits, showing the standard scale of progestational proliferation ( x 17). 
Fig. 1, no treatment; fig. 2, estrin only, reaction 0; figs. 3-6, cestrin followed by progestin, 
reactions 1, 2, 3 and 4 respectively. 
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were examined and the average proliferation, judged as accurately as 
possible, taken as the result. Variation in different parts of the same 
uterus often exceeded one stage. When it was considered that the average — 
reaction of the six sections lay between two of the standards the result 
was estimated to the nearest half, ¢.g. if it was between 2 and 3 the result 
was recorded as 2-5. The average of all reactions in a @ group of animals is 
recorded below as the “ ——: index.” 


Il, AMOUNT OF @STRIN REQUIRED TO CAUSE GSTROUS DEVELOP- 
MENT OF THE IMMATURE RABBIT UTERUS. | 


Five groups of animals were given various amounts of cestrin; ‘the 
total being given in three equal doses on alternate days and the animals 
killed on the seventh day. The results are shown in Table I, from which it 


; Tanta 1. The effect of different doses of cestrin given over 6 days. 
No. of Av. uterus Proli- 
wt, 


animals 

a 50 814 0-021 0-34 0 
5 150 855 0-043 1-23 0 
4 600 840 0-030 1-49 0 
4 1500 799 0-046 0-98 0 
4 3000. 837 0-025 1-11 0 


will be seen (see also Plate I, fig. 2) that, while very considerable growth 
of the uterus has taken place, no pseudo-pregnant proliferation of the 
endometrium has occurred. That cestrin does not cause this reaction 
either in the immature or adult female rabbit had been shown early by 
Courrier and Potvin (1926), and has been confirmed many times since 
[Courrier and Masse, 1928; Corner and Allen, 1929]. ‘The increases 
in the uterus weights indicate that there is no significant difference in the 
growth of the uteri of animals receiving 3000 1.U. of cestrin compared 
with those receiving 150 1.U., though all the animals in these groups 
showed greater uterine growth than those in the group receiving only 
50 1.u. This result is borne out by histological examination. In none of the 
animals is the epithelium of the uterus broken regularly by glands (see 
Plate I, fig. 2), but in those which received 150-3000 units it is generally 
much more vascular and more highly developed than in those receiving 
50 units. 

Since the full cestrous condition could be produced in 6 ja with a 
comparatively small dose of cestrin, it seemed worth while to find out if 
the necessary growth of the uterus could be produced in a shorter time by — 
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larger amounts of estrin, Four small groups of animals were injected, two 
groups receiving one single injection and the other groups two injections 
(Table II). Both the weight and histological appearance of the uteri of 


Tasxx II. The effect of different doses of estrin given over 


different times. 

Amount of Daysof Av. be Av. ovary Av.uterus Proli- 
used Lv. ment g. g- g index 
3 500 2 953 0-043 0-372 0 
3 1000 2 935 0-042 0-455 0 
3 1000 4 953 0-042 0-627 0 
3 2000 4 947 0-040 0-483 0 


these animals showed that the response lay approximately between that 
obtained with 50 and 150 units over 6 days (see Table I). In view of this 
fact, and especially since these animals were rather heavier than those 
used in the first experiment, it appeared unlikely that adequate growth 
of the uteri could be induced in 4 days even by large amounts of cestrin. 
A 6-day period of cestrin treatment seemed therefore necessary, and over 
this period, as already shown, it was improbable that any advantage 
would be obtained by giving more than 150 1.v. cestrin before a progestin 
test. It still remained, however, to show that the sensitization to the 
action of progestin was actually efficient with this comparatively small 
dose. 
III. AMOUNT OF @STRIN NECESSARY TO SENSITIZE THE 
IMMATURE RABBIT UTERUS TO THE ACTION OF PROGESTIN. 
Five groups of rabbits were given 2 Levens units of progestin over 
5 days after sensitization with various amounts of cestrin. The results 
are given in Table III and Fig. 1. 
Tasxe III. Effect of a constant amount of progestin (2 Levens units) given 
- over 5 days after sensitization with different amounts of cestrin. 


feration 
used 1.0, g- g. index 
5 50 . 941 , 0-034 1-21 2-5 
5 150 972 0037  —=s_ ‘1-88 3.0 
5 600 933 0-036 1-92 
5 1500 892 0-027 2-96 3-0 
5 3000 974 0-047 2-00 2-8 


There is an appreciable increase in the uterine weight and response in 
animals receiving 150 1.v. of wstrin and upwards over those getting only 
50 1.u. There is a slight falling off in the reaction (see “proliferation 
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index”) after sensitization with 30001.v. Such large amounts may still 
exert their effect after the end of cestrin treatment, and cause a diminu- 
tion in the response to progestin. The dntagonistic effect of cestrin to ~ 
action of progestin is well known [Allen, 1932]. 


Tasiz IV. Effect of a constant amount of progestin (1 Levens unit) given over 
5 days after sensitization with different amounts of cestrin. 


No, of Amountof Av. body Av.ovary Av.uterus  Proli- 


animals cestrin wt. wt. wt. feration 
used LU. g. index 
2 50 1025 0-032 0-87 — 0-5 
l 150 1040 0-032 1-12 3-0 
1 835 - 0-029 1-01 2-5 
2 1500 950 0-035 1-17 0-7 
| 3000 1060 0-093 1-90 2-5 


50150 600 1000 1500 $000 
Amount of cestrin given (1.v.) 


Fig. 1, Proliferation index and weight of the uterus in rabbits receiving 2 Lovens units of 
progestin over 5 days after sensitization with different amounts of cestrin. 


Further groups of animals were given only 1 Levens unit of progestin 
following various amounts of cstrin. Unfortunately, the progestin was 
of a different batch from that used in all the other experiments. The 
results, summarized in Table IV, cannot be considered as satisfactory 
owing to the few animals employed. They at least indicate the necessity 
for the use of groups of animals for each test. 
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* The experiments described in this section show that 1501.v. of 
cestrin given over 6 days is as efficient in sensitizing the uterus to the 
action of progestin as are much larger doses, and this amount has there- 
fore been adopted as the standard preliminary treatment in the assay of 
progestin. 

The next point to investigate was the optimum time over which to 
distribute tle dose of progestin. | 


IV. Errect OF DURATION OF PROGESTIN TREATMENT. 


Two sets of experiments were carried out. In the first, the injection of 
1 Levens unit of progestin was divided over 5 days and 10 days; in the 
second 2 units were given over 3, 5, 7 and 10 days. In both series the 
animals were previously sensitized with 1501.v. of cstrin. Details are 
given in Tables V and VI and Fig. 2. 


Tastz V. The effect of a constant amount of progestin (1 Levens 


unit) given over 5 and 10 days. 
body Av.ovary Av. uterus _Proli 
0. v. v. 
animals “ wt. wt. wt. feration 
used g. g. g- index 
5 819 0-036 1-54 2-3 
5 10 811 0-042 0-31 ae 


Taste VI. The effect of a constant amount of progestin (2 Levens 
units) given over different periods of time. 


No. of 
No.of days Av. bod Av. 0 Av. 
animals progestin wt. 


uterus Proli- 
wt. feration 
used given g. g. g. index 
5 ee 886 0-047 2-10 2-9 
5 5 850 0-043 1-91  §}l 
5 5 972 0-037 1-83 3-0 
5 7 1070 0-094 0-92 2-1 
5 10 812 0-050 0-52 0-3 


The results indicate clearly that following the initial treatment with 
cstrin, the greatest reaction is obtained when the dose of progestin is 
given over 3 or 5 days. It is unlikely that a greater response would be 
obtained earlier than 3 days, but it may be that 4 days of treatment would 
give a slightly better reaction than 5 days. This point was not investigated. 
The reason for the sharp decrease in response when the dose is divided 
over 7 or 10 days is not obvious, but it might be due to one of three 
factors: (1) that the effect of cestrin wears off after 5 days and the uterus 


is no longer capable of responding to progestin, (2) that the amount of 
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extract given is not concentrated enough to be effective when given over 
this time, or (3) that the immature rabbit uterus becomes insensitive to 
treatment after approximately 5 days. Since the reaction obtained with 
1 Levens unit given over 5 days is far better than that obtained with 
2 units over 10 days, whereas theoretically they might be expected to be 
the same, the first of these three possibilities is the most likely. 


ror 
i 
3 5 ae 10 
: Days injection given 
Fig. 2. Proliferation index and weight of the uterus of rabbits receiving 2 Levens units of 
progestin over different periods of time. 


From these results, a 3-day period of progestin injection might be 
adequate, but a 5-day period is probably safer, as well as more in keeping 
with current practice, and has been adopted in the routine testing of 

V. RESPONSE TO DIFFERENT AMOUNTS OF PROGESTIN 
AND DEFINITION OF A UNIT. “ 


Three groups of rabbits receiving different amounts of progestin over 
5 days after the standard sensitization with cestrin have been tested. The 
results are given in Table VII, and show a marked increase in response 
with increasing dose. Fig. 3 shows the proliferation index plotted against 
the dose, and obviously gives the rudiments of a standardization curve. 
The fact that the assessment of the reaction is inevitably rather approxi- 
mate makes it difficult to put such a curve on a statistical basis, but it 


‘ 
- 
¢ 
— 
7. 3 
3 
8 Z 
= 
a 
~ 
Aa 
od 
™ 
a 


154 M. K. MoPHAIL. 


would appear that to cause a complete response in each rabbit of a group 
would require an amount of progestin large in comparison with that 
necessary to cause an easily assessed proliferation amounting to ponent 
half the maximum. 


- "Tanus VII. The effect of different amounts of progestin given over 5 days 
after sensitization with 150 1.v. of cstrin. 


Amount of 


No. of Av. Av. uterus  Proli- 
animals (Levens wt. feration 
used unigs) g- index 
6 0-5 764 0-036 
6 10 819 0-036 1-64 2:3 
5 2-0 850 0-043 1-91 3-1 
5 2-0 0-037 1-83 3-0 


10 F 
05 2-0 
Fig. 3. Proliferation index and weight of the uterus of rabbite receiving different amounts 
of progestin over 5 days. 


Definition of a unit of progestin. It is usually unsound to define a 
biological unit of a substance as the amount required to produce a 
maximum response. This fact is well illustrated by the work on progestin. 
In this instance the objection is twofold—{a) the amount required to 
produce @ maximum reaction is large in comparison with that required 
to produce a definite and readily detectable reaction, and (b) if a maximum 
reaction is insisted on in every case, the whole object of using groups of 
animals to increase the accuracy is lost—in fact the larger the group the 
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more chance of including less sensitive animals and the greater will be the 
unit. For these reasons it is proposed provisionally to adopt as a unit, 
for use in this laboratory, that amount of progestin which administered 
intramuscularly in oil over 5 days, following the injection of 150 1.v. of 
cstrin over 6 days, will cause an average proliferation of 2, on the scale 
here defined, in a group of immature rabbits (750-950 g.). 

Size of the test growp. Considerable individual variation was observed 
in these experiments. Where the average proliferation in a group of five 
rabbits was 2, individuals might vary from 1 to 3, and variation of this 
magnitude was found in most groups. It might therefore be desirable to 
use larger groups than 5, but owing to the variation found in different 
parts of the same uterus and to the personal factor in assessing the pro- 
liferation, it is unlikely that it will be possible to put the test on a really 
quantitative basis, and even groups of five animals involve considerable 
labour in routine assay. 


VI. EFFECT OF PROGESTIN ON OTHER ORGANS. 


Ovary. Ovarian weights were recorded in all the animals used. Sec- 
tions were not cut, but all ovaries were examined macroscopically for 
signs of premature development. Clauberg [1930 d] showed that the 
ovary of the immature rabbit is insensitive to progestin, and this is 
clearly confirmed by the present data. There is no correlation between the 
degree of uterine development induced and the size of the ovary. 

Fallopian tube. Fallopian tubes were sectioned from all animals 
recorded in Tables II, III and IV, 7.e. from the animals of a group re- 
ceiving cestrin alone and from two groups receiving cestrin plus progestin. 
No distinction was made between the different regions of the Fallopian 
tubes. No appreciable difference could be detected in the sections from 
twelve animals which received cestrin alone from the thirty-two treated 
with cestrin plus progestin. 

Mammary gland. Estrin treatment of the immature rabbit is known 
to cause proliferation of the mammary ducts to the slight extent found 
in the rabbit at its first cestrus [Parkes, 1930]. The great majority of the 
animals discussed above, however, showed little or no growth of the 
mammary gland, probably owing to the comparatively short period of in- 
jection. Corner [1930] appears to have shown conclusively that progestin 
will not induce the typical pseudo-pregnant development of the mammary 
gland, and so far as it goes, the present material confirms this conclusion. 

Adrenal and thyroid glands. The adrenal and thyroid glands were also 
removed from the animals recorded in Tables II, III and IV and weighed. 
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No significant difference was found in the weights of the organs from 
animals treated with cestrin alone compared with those nae cestrin 
and 

VIL. SuMMARY. 


1. 106immature rabbits were used in a study of the assay vor ssecabatin, 
be progestational hormone of the corpus luteum. 

2, The reactions of the uterus are described (a) to amounts of cestrin 
eaiigie from 50-3000 1.v., (b) to varying doses of cestrin followed by a 
standard amount of progestin, (c) to varying doses of progestin following 
a standard amount of cestrin, and (d) to a standard dose of progestin 
administered over different periods following a — — of 
cestrin. 

3. No significant effect of progestin was oMeined on ae mammary 
gland, ovary or Fallopian tube nor on the adrenal and thyroid glands. 

4. A provisional unit of progestin has been defined for the laboratory. 


It is with pleasure that I acknowledge my debt of thanks to Dr A. 8. Parkes, for his 
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FURTHER EXPERIMENTS ON THE RELATION OF 
THE PITUITARY GLAND TO THE ACTION 
OF INSULIN AND ADRENALINE. _ 


. By 0. COPE! ann H. P. MARKS. 
(National Institute for Medical Research, London.) 
(Received September 25, 1934.) 


_ One of the most striking consequences of total removal of the pituitary 


gland in the dog is the marked increase in sensitivity to insulin and 
tendency to spontaneous hypoglycemia, which has been described by 
Houssay etal. [1925], Geiling et al. [1927], and others. Ina recent paper 
from this Institute[Corkill, Marks and White, 1933] these observations 
were confirmed on rabbits. The relation to concurrent changes in other 
endocrine glands was discussed, and it was suggested that the increased 
insulin response was to be attributed largely to a breakdown in the 
mechanism by which the blood sugar is restored to the normal level after 
being- lowered by insulin. According to the commonly accepted view this 
mechanism consists in the discharge by the adrenal glands of adrenaline, 

which in turn converts liver glycogen into glucose, so that the normal 
blood-sugar level is restored. 

In addition to a fuller discussion of this mechanism the present paper 
extends the previous investigation, particularly with regard to the pos- 
sible relation between the increased sensitivity to insulin and the 
degenerative changes occurring in the thyroid gland. In this connection 
we have studied: (1) the increase in insulin response produced, firstly, by 
thyroidectomy and, secondly, by subsequent hypophysectomy; (2) the 
effect of administering anterior pituitary extract to thyroidectomized 
rabbits; (3) the effect on insulin response of administration of thyroid 
hormone to hypophysectomized rabbits. The experiments in the last 
category offer some interesting observations on the réle of the pituitary 
in fat metabolism, and in this connection we confirm the finding of © 
Foster and Smith [1926], that thyroid administration still raises the 


1 Moseley Travelling Fellow of Harvard University. 


\ 
wh 
d 
| 
ta 
| 
| 
4 
i 
| 
ig 
a 
¥ 
fal 
j 
on 
an 
j 
Wy 
| 
i 
ig 


158 O. COPE AND H. P. MARKS. 


Another endocrine tissue which may possibly play an important réle 
in pituitary deficiency is the adrenal cortex, which has heen observed by 
Smith [1927] and others to undergo extreme degeneration in this condi- 
tion. We have attempted, therefore, to relieve the deficiency by admini- 
stration of cortical extract. We have also determined the amount of 
ascorbic acid contained in the adrenal cortex in conditions of pituitary 
deficiency and excess, since recent work suggests that this substance, 
found in high concentration in the pituitary and the adrenal cortex, may 
play an important part in the regulation of metabolism. 

It has not so far been possible in the rabbit to remove separately the 
anterior and posterior lobes of the pituitary body, and so to determine 
the responsibility of each lobe for the disturbance of carbohydrate 
metabolism in question; we have, however, succeeded in preparing 
anterior lobe extracts which effectively counteract the increased response 
to insulin following removal of the pituitary glands, and we have compared 
their action with that of similar extracts of the posterior lobe. 


Mertuops. 


For all experiments rabbits were used. Hypophysectomy was carried 
out by a modification of the method of Smith and White [1931]. | 

The majority of animals were checked for completeness of the hypo- 
physectomy by serial section of the contents of the sella turcica. For 
various reasons others have not been checked, but all these animals have 
behaved typically in their reactions, and we feel that removal of the 
pituitary has been complete. In those animals in which removal of the 
pituitary was not complete, the enhanced sensitivity to aes did not 
appear. 

All injections of insulin were given intravenously. bie due to 
difference in rate of absorption from subcutaneous or intramuscular 
injections were thus avoided. Adrenaline was injected subcutaneously. 

All normal, thyroidectomized and extract-treated animals were 
starved for a period of 18 hours before an experiment. None of the 
hypophysectomized animals was starved, since it was found that even 
a short period of starvation of 12 hours or less is likely to be followed by 
spontaneous hypoglycemia. Even in full digestion the blood sugar of 
hypophysectomized animals is lower, by 10-20 mg. 100 c.c., than the 
fasting controls. 

Ascorbic acid was determined by means of the Fe 2: 6-di- 
chlorophenolindophenol. This dye, introduced by Tillmans [1932] has 
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been established as a relatively reliable method of estimating the amount 
of ascorbic acid in tissues [Harris e¢ al. 1933]. 

Harris has recommended the use of trichloroacetic acid as a protein 
precipitant, but we have been unable to find trichloroacetic acid free from 
some reducing substance, which slowly reduced the dye. This fact neces- 
sitates a rapid titration within 15 sec. in order to get constant results, and 
is therefore obviously objectionable. Since making our determinations, 
Bessey and King [1933] have subsequently described the same diffi- 
culty. We have also found metaphosphoric acid to do the same thing, but 
sodium tungstate gives more reliable results. For every 200-300 mg. of 
adrenal tissue, we have used of water plus 2-5 0.c. N H,SO, 
plus 2-5 c.c. 10 p.c. sodium tungstate, in which the tissue is ground with 
sand. 

The 2: 6-dichlorophenolindophenol is reduced by glutathione and 
other reducing substances, but much less rapidly than by ascorbic acid in 
acid solution. The titration is carried out as rapidly as possible, but the 
excess of dye after standing for a few minutes will disappear. Only the 
initial readings are therefore used. 

The dye solution was checked daily against a weighed, known 
quantity of ascorbic acid, kindly furnished to us by the British Drug 
Houses, Ltd., and dissolved in acid tungstate solution. 

A fresh solution of the dye must be made at frequent intervals, 
preferably once a week. In the light, especially, the dye loses its 
potency and develops a muddy brown colour which interferes with the 
titration. | 

Fat content of liver. After draining out as much blood as possible, 
5 g. of the tissue were digested with 5c.c. of 60 p.c. potash, as for the 
glycogen estimation, then acidified with 7-5 c.c. conc. HCl and extracted 
several times with petroleum ether, the extract being evaporated and 
dried to constant weight at 105° C. This method, although only approxi- 
mate, should disclose any substantial changes in the total lipoid content 
of the liver. 

Metabolic rate. The apparatus of Richards and Collison [1928], as 
originally described, was suitable only for small animals such as rats or 
young rabbits. However, Dr Spence, of the Dunn Laboratories, St 
Bartholomew’s Hospital, kindly lent us a large model, in which it was 
possible to accommodate a rabbit of 25 kg. body weight. This was used 
exactly in the manner described by Richards and Collison; the 
duration of the experiment was normally 2 hours, all except the hypo- 
physectomized animals being fasted for 16 hours previously. 
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The following commercial preparations were: used in this work: 
B.W.; adrenaline, Parke, Davis and Co.; siccum, 
British Drug Houses, Ltd. 


Cours OF BLOOD SUGAR AFTER INSULIN INJECTION. 


It is characteristic of the hypoglycemia produced by injection of 
insulin in the normal animal that, with increasing dosage, the fall in 
blood sugar becomes both more intense and more prolonged, but not 
necessarily more rapid in onset [see, however, Scott and Dotti, 1932]. 


: 
Time in minutés after insulin | 
Fig. 1. Course of blood sugar after 0-25 unit insulin 
| Average of 20 hypophysectomized rabbits -—-. 


In fact we might say that, to a first approximation, the blood sugar falls 
along the same curve whatever the dosage, but for small doses the re- 
covery sets in at an earlier stage, before the blood sugar has had time to 
fall to a convulsive level. Thus, with a quarter unit of insulin, injected 
intravenously, the blood sugar starts to fall almost immediately but, 
after about 20 min., when it has fallen to adevel of 75 mg./100 c.c. 
(cf. Cannon et al. 1924] the compensatory mechanism comes into play 
and, within an hour after the injection, the blood sugar has practically 
regained its initial level. This behaviour of the normal rabbit is illustrated 
by the continuous line in Fig. 1. In the hypophysectomized rabbit the 
blood sugar, starting from a slightly lower initial level, falls in much the 
same way but, instead of turning back when it reaches a level of 75 mg., 
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it continues to fall until the convulsive level is reached. In other words, 
although there is no significant increase in the rate of response to insulin, 
the compensatory rise in blood sugar to the initial level is completely 
abolished. 

This behaviour is very similar to that of animals in which the adrenal 
glands have been rendered inoperative, either by removal or by inter- 
ruption of the splanchnic innervation. Thus Rupp [1925] observed just 
the same type of insulin response with delayed recovery in rabbits after 
blocking the abdominal sympathetic nerves with novocaine. In the same 
year Houssay’s colleagues [Lewis and Magenta, 1925], having already 
demonstrated [Houssay, Lewis and Molinelli, 1924] an increased 
_ secretion of adrenaline during insulin hypoglycemia, showed that re- 
moval of the adrenal medulla or section of the splanchnic nerves is 
followed by increased sensitivity to insulin, with delayed recovery of the 
blood sugar. It is interesting to note that this paper appeared on the 
same page with the discovery, from the same laboratory, that removal of 
the pituitary gland in dogs produces an almost exactly similar condition. © 
This latter paper [Houssay and Magenta, 1925] concludes with a short 
yet comprehensive enumeration of the possible causes of this increased 
sensitivity to insulin, namely: (1) inadequate reserves of liver glycogen; 
(2) impaired glycogenolysis; (3) increased glucose utilization; (4) some 
disturbance in intermediary metabolism. It is surprising, however, that 
Houssay did not emphasize the close similarity between the two 
conditions of adrenal and pituitary insufficiency. With regard to the — 
possible causative factors mentioned by Houssay, it has already been 
shown in the previous paper [also Houssay and Mazzocco, 1933] that 
there is no lack of reserve glycogen in the liver, nor of adrenaline in the 
adrenal glands to account for this failure of the blood sugar to rise again 
after insulin. It is possible, however, that the adrenal glands might not 
readily liberate their store of adrenaline, and we have therefore attempted 
to determine whether there is actually an increase of adrenaline in the 
blood of the hypophysectomized rabbit in insulin hypoglycemia. Both 
by observation of the denervated pupil, and by testing the blood directly 
on the surviving rabbit’s intestine, we have obtained evidence of the 
presence of adrenaline. | 

In a rabbit from which the right superior cervical ganglion had been 
removed about a month previously, hypophysectomy was followed by a 
permanent dilation of the right iris, which failed to contract even when 
illuminated by a fairly bright lamp. Although the iris was initially con- 
siderably dilated, it was still possible, by careful measurement with a 
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short-focus micrometer telescope, to observe a further dilation during 
insulin hypoglycemia. Thus in the following experiment } unit of 
insulin was injected intravenously at time 0: 


Time in hours ~} 0 1} 

_ Diameter of iris: ‘ 
Major 45 46 48 50 50 48 
‘Minor 40 40 40 50 50 43 


Blood sugar 118 52 a 80 


It will be seen that a marked dilation takes place*1 hour after the insulin 
injection, when the blood-sugar level is at its lowest, and persists during 
part of the subsequent rise in blood sugar, but has practically disappeared 
before the blood sugar has regained its initial level. As a control, the 
experiment was repeated with } unit of insulin which had been heated 
with N/10 alkali for 10 min. in order to destroy its activity. From the 

figures, it seems that the destruction was not quite complete, or that the 


experiment was complicated by a mild spontaneous hypoglycemia, which — 


however was not sufficient to cause liberation of adrenaline. 


Time in hours -} 0 4 1 it 23 

Diameter of iris: | 

Major 45 46 46 45 48 es 
Minor 40 40 40 40 40 40 

Blood sugar 86 62 50 68 70 78 


In the second method of determination the blood taken from the ear vein 
was tested directly on a section of surviving rabbit’s intestine, set up in 
Ringer-Locke solution in the manner described bY Brandt and Katz 
[1933], 2.c.c. of blood being used, with the addition of one drop of an 8 p.c. 
aqueous solution of chlorazol fast pink in order to inhibit coagulation. 
This dye appears to have no effect on the rhythmical contractions of the 
intestine. We were fortunate to have the personal help of Dr Katz, to 
whom we owe the success of this experiment. 

The two tracings A and B in Fig. 2 illustrate the action of the blood 
of a normal rabbit before and 90 min. after the injection of 10 units of 
insulin, while C and D show the behaviour of a hypophysectomized rabbit 
before and 25 min. after the injection of } unit of insulin. It will be 
noted that in each case the initial blood exerts a tonic effect without any 
inhibition of the rhythmic contractions, whereas the hypoglycwmic bloods 


produce an adrenaline-like inhibition, followed by the tonic effect. The 


blood sugar was then 67 and 38 mg./100 c.c. respectively. Tracing EZ shows 
the effect of 10-7 mg. wiseehascrsine added to the blood of a normal rabbit, 
for comparison. 
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We think that these two independent tests afford satisfactory evidence 
of the liberation of adrenaline into the blood of the hypophysectomized 
rabbit during insulin hypoglycemia, although this adrenaline does not 
have the customary effect of restoring the blood sugar to the normal 
level. 


Fig. 2. Inhibition of peristalsis in rabbit’s intestine. Blood of normal rabbit, A before, 
B 90 min. after insulin. La 
insulin, #, Normal blood + 10~7 mg. adrenaline. 


INCREASED INSULIN RESPONSE FOLLOWING THYROIDECTOMY 
AND HYPOPHYSECTOMY. 


Thyroidectomy was found by several investigators [Bodansky, 
1923; Ducheneau, 1924; Burn and Marks, 1925] to reduce consider- 
ably the amount of insulin required to cause convulsions in a rabbit, but 
when we are dealing with doses well below the convulsion limit, such as 
¢ unit, we find no appreciable alteration in the blood-sugar course as a 


- result of thyroidectomy. Thus, four thyroidectomized rabbits gave a 


substantially normal average response to } unit insulin, as follows: 
Time in min. after insulin oe 10 20 30 40 50 
- Blood sugar (mg./100 c.c.) 104 84 80 88 93 99 
After subsequent hypophysectomy, however, the response to } unit 
insulin was similar to that of hypophysectomized but not thyroidecto- 
mized rabbits, except that the initial blood-sugar level was slightly lower. 
Thus: 
Time in min. 0 10 20 30 40 50 
Blood sugar B4 73 56 50 45 45 
Thus, although the convulsive effect of insulin in adequate dosage may be 
increased by thyroidectomy, and still further by hypophysectomy, if we 
11—2 
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consider the response to very small doses of insulin, we find that thyroid- 
ectomy has no effect, but that icon anette causes & large increase 


in response. 


PREPARATION AND PROPERTIES OF AN ACTIVE PITUITARY EXTRACT. 


_, The hyperglycemic properties of an extract of anterior pituitary are 
now well established. Thus Baumann and Marine [1932], Evans 
[1933], Houssay and colleagues [1933], Lucke e al. [1933], Soskin 
and Shpiner [1934], among others have produced a hyperglycemia by 
the injection of a suitable extract, or have maintained a high blood-sugar 
level, accompanied by glycosuria, by daily repetition of the injection. 
It is not surprising that, under such conditions, an increased resistance 
to the toxic effects of insulin is observed [Benedetto, 1933], for the blood 
sugar, starting from a higher level, is less likely to reach the convulsive 
level than in the normal animal. Lucke, indeed, has succeeded in 
annulling the hypoglycemic effect of insulin by simultaneous injection 
of a suitable extract, and has brought about a rapid recovery from hypo- 
glycemia by injecting the extract at the onset of convulsions. Even here, — 
however, the results may reasonably be regarded as the additive effect of 
insulin hypoglycemia and of the rise in blood sugar admittedly produced 
by the extract alone. 

With these complicating factors in mind, we have attempted to 
produce a true resistance to insulin, complementary to the increased 
sensitivity following removal of the pituitary gland. Our first efforts to 
this end were unsuccessful, using either alkaline [Evans ¢ al. 1932] or 
acid [Loeb and Bassett, 1929] extracts of fresh anterior lobe or of 
acetone-dried powder, given in repeated daily subcutaneous injections. 

_ At that time the only report of similar experiments on rabbits we had 
encountered was that of Baumann and Marine [1932], who used a saline 
extract of anterior lobe, prepared according to Schockaert[1931]. Using 
such an extract, we were rewarded with a complete abolition of the 
insulin response, quite as striking as the increase in response following 
hypophysectomy. 

The extract may conveniently be prepared from frozen anterior lobes" 
of ox pituitary, obtained fresh from the slaughter-house, by mincing and 

_ grinding with sand and 1-2..c. of sterile physiological saline for each 
gram of anterior lobe. Allowing 80 p.c. water content, this gives an 
extract of which each c.c. is equivalent to } g. fresh gland tissue. After 

7 on ice for 1 or 2 hours, the supernatant liquid is centrifuged off 
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and stored in the ice chest. A cleaner extract can be obtained by using 
the acetone dried gland, prepared by mincing and grinding the fresh 
gland with four or more volumes of acetone, and extracting with 2 0.c. 
of saline for each gram of fresh tissue. The resulting extract may be 
sterilized with some loss of activity, by passage through a Seitz filter. 


Rabbit 86. Before sdministration of extract the response to 2 units o finsulin injected 
intravenously was as follows: 

Time in hours after insulin 0 4 1 BI 2 3 
Blood sugar (mg./100 c.c.) 97 52 42 54 83 
Saline extract of fresh gland was then given at the rate of 3c.c.=1} g. fresh gland daily. 
It was injected subcutaneously each afternoon before feeding. After 4 days of this treatment 

the response to 2 unite of insulin was: 

Hours after insulin 0 2 3. 
Blood sugar 111 1 125 
Two days later, continuing the extract treatment, the response to 0-2 mg. adrenaline, 

injected subcutaneously, was: | 
Hours after adrenaline 0 1 2 3 4 5 
Blood sugar 148 368 418 376 25 136 
After a further 2 days’ treatment this excessive response to adrenaline was confirmed, 
and then the injections of extract were discontinued, and 3 days later the response to 2 units 
of insulin was: 


Hours after insulin 0 - 1 it 2 3 

Blood sugar 104 9 
A week later the response to 0-2 mg. of adrenaline was: 

Hours after adrenaline 0 1 2 3 4 5 

Blood sugar 104 1638 161 


The excessive adrenaline response recorded above during extract 
treatment is the highest we have so far encountered, but we may say that 
during extract treatment adrenaline hyperglycemia is, in general, in- 
tensified and prolonged as seen in Fig. 3. Glycosuria was frequently 
observed in these animals, but its incidence did not appear to bear any 
relation to the completeness with which the insulin response was 
abolished. 

In these experiments with intact animals food was always withdrawn 
18-20 hours beforehand. The fasting blood-sugar level was usually within 
normal limits, but in a few instances, as in the following, diabetic levels 
were reached : 


Rabbit 77. The normal response to 2 units of insulin was: 


Hours after insulin 0 4 1 a 2 3 
Blood sugar 111 48 62 94 99 


After 4 days of extract treatment at the rate of 3 c.c.=1} g. fresh gland per day, the 


tial after insulin 0 1 1} 2 3 
Blood sugar 173 ib 168 


Glycosuria was also observed during the treatment. 
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The effect of anterior extract is exerted equally in hypophysectomized 
rabbits, thus: 
Rabbit 80. 


Minutes after insulin 0 20 40 60 
Blood sugar 121 108 94 122 134 
Four days after hypophysectomy the response was: 
| Minutes after insulin 0 10 20 40 60 
7 Blood sugar 104 73 67 62 77 
After.only two daily injections of extract, each equivalent to 1:5 g. fresh tame, the 
response was: 
Minutes after insulin 0 10 20 40 60 
Blood sugar 115 110 109 115 120 


Adrenaline hyperglycemia was also slightly prolonged. 

A word'may here be said concerning the rapidity of the changes in insulin 
response following hypophysectomy and administration of extract 
respectively. The insulin response is usually diminished 24 hours after 
removal of the pituitary gland, probably as a result of the outpouring of 
hormone from the gland through manipulations immediately prior to 
removal. This would explain also the corresponding reduced sugar 
tolerance observed by Cushing [1911] immediately after pituitary 
removal. The increased insulin response is usually well in evidence, how- 
ever, within 48 hours of the operation. 

The injection of a potent extract may be followed within a few hours 
by a marked resistance to insulin. ) 


ACTION OF ANTERIOR EXTRACT ON THYROIDECTOMIZED ANIMALS. 


_ Houssay and his colleagues [1933] have already shown that an 
alkaline extract of anterior pituitary exerts a diabetogenic action in 
thyroidectomized, as well as in intact dogs, while Lucke e al, [1933] 
have demonstrated that “praphyson,” a commercial extract of anterior 
_ pituitary, will produce a hyperglycemia, even in the absence of the 
thyroid gland. It seemed to us worth while, however, to make a closer 
study of the effect on insulin and adrenaline response in rabbits. As we 
anticipated, the effect of 2 units of insulin was abolished by the extract, 
just as effectively in thyroidectomized as in intact rabbits. Thus the 
average response of two thyroidectomized rabbits to 2 units of insulin 
was initially : 


Hours after insulin 0 2 1 1 2 3 
Blood sugar 102 & 45 a 67 97 
After treatment with extract for 3 days it was: | 
Hours after insulin 0 1 l 2 3 
Blood sugar 108 its 104 103 106 102 
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Blood sugar in mg./100 o.c. 


Hours after adrenaline 
Fig. 3. 
300 
200: 
100 
{ | 2 3 5 
| Hours after adrenaline 
Fig. 4. 


Blood sugar in mg./100 c.c. 


300 


Figs. 3, 4. Course of blood sugar after 0-2 mg. adrenaline in 6 normal and 3 thyroidecto- 
mized rabbits respectively. Untreated ——. After treatment with anterior pituitary 
extract ---. 
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As will be seen in Fig. 4 the adrenaline hyperglycemia, initially less 
pronounced than in normal rabbits, was somewhat prolonged by extract 
treatment, but not intensified to the same extent as in normal animals. 

We have examined the action of extract on one rabbit deprived of 
both thyroid and pituitary ‘glands. The history of this rabbit is as 
follows: 


Rabbit 68. 
to } unit of insulin. “Tail, anda bo adrenaline. 
sugar, and at and at <a 
10 min, intervals after insulin 
Before 
110 94, 60, . 86, 108 107. ~—s 171, 171, 140, 110, 105 
120 §=108, 77, 69, 77 95 118, 151, 150, 123, 105 
After hypo 


physectomy. 
88 86, 68, 62, 58 122 = 126, 144, 139, 125, 115 
After 2-3 days’ extract treatment. 
113 —s-115, 104, 104, 104 122 =195, 213, 185, 140, 125 


1s. da:thon seen that the response to } unit of insulin, which reached 
almost to the convulsive level after hypophysectomy, was practically 
abolished by only two daily injections of anterior extract, in this case 
equivalent to only 4 g. fresh tissue each. . 

Even a dose of 2 units of insulin, which produced convulsions i in the 
thyroidectomized animal, and would certainly have done so again after 
further removal of the pituitary, produced after extract treatment only a 
mild hypoglycemia, as follows: 

sugar m4 69 104 

Moreover, the hyperglycemic response to adrenaline is seen to change 
in an inverse manner, being practically abolished by hypophysectomy, 
and then restored by administration of extract to a level even above 
that initially observed. These experiments, therefore, confirm and amplify 
the observations of Houssay, showing that a suitable extract of anterior 
pituitary restores to normal, or even over-compensates, the altered be- 
haviour to insulin and to adrenaline brought about by complete removal — 
of the pituitary gland—and this in the absence of the thyroid glands. It 
seems clear, therefore, that the so-called thyreotropic activity of the 
anterior lobe of the pituitary is not responsible for the effects observed. 

Before passing on to corroborative evidence for this conclusion, it may 
be as well to state here that an extract of posterior pituitary prepared in 
exactly the same manner as the anterior extract does not appreciably 
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modify the insulin resyonse. This confirms our previous observation that 
vaso-pressin also is unable to counteract the excessive action of insulin in 
the hypophysectomized animal. 


_ EFFECT OF THYROID FEEDING IN THE HYPOPHYSECTOMIZED RABBIT. 


If the increased sensitiveness to insulin of the hypophysectomized 
rabbit is really a secondary effect, due to the diminished activity and — 
degenerative changes known to occur in the thyroid gland, the admini- 
stration of thyroid preparations should restore the insulin response to 
normal or even alter it in the opposite direction. The following protocol 
shows that the effect of thyroid administration is entirely negative: 

Rabbit 84. The initial response to } units of insulin was: Initial blood sugar 94; blood 
sugar at $, 1 and 1} hours after insulin—57, 82 and 90 mg./100 c.c. 

Two days after hypophysectomy the response was: Initial blood sugar 101; after in- 

sulin 55, 46 and 53 mg./100 o.c. Thyroideum siccum (B.D.H.) was then added to the diet at 
the rate of 0-65 g. per diem. Three weeks later the response to insulin was: Initial blood 
sugar 78; after insulin 42, 47 and 50 mg./100 c.c. 
Other rabbits have given similar results. It is quite evident, therefore, 
that the increased sensitivity to insulin is unaffected by the administration 
of the thyroid preparation. The effectiveness of the dose given is indicated 
by the fact that the body weight of the rabbit fell from 3-35 to 2-35 kg. 
during treatment, while the weights of two control rabbits, similarly 
treated, fell from 3-0 and 2-9 kg. to 2-15 and 2-4 kg. respectively. 


THE PITUITARY GLAND AND THE MOBILIZATION OF FAT. 


Body fat. In general, rabbits which have been hypophysectomized for 
2 or 3 months exhibit an abundance of fatty deposit rarely seen in the 
normal animal. The kidneys are embedded in large masses of fat which 
extend down to the sacrum and envelop the uterus and ovaries, while the _ 
peritoneum and omentum are also heavily laden with fat. In one instance, 
200 g. of omental and subperitoneal fat was dissected from the abdomen 
of a rabbit weighing 1-9kg. The average normal rabbit of this weight 
yields about 30 g. of such fat. . 

Even thyroid feeding causes no noticeable diminution of this excess 
of fat. In the hypophysectomized rabbit 84, treated with thyroid and 
discussed above, the amount of omental and subperitoneal fat was un- 
fortunately not estimated, although its excessive amount was noted, butin 
another similarly treated rabbit, 105, weighing 2-7 kg., 185 g. of such fat 
was dissected from the abdomen. It is characteristic of thyroid treatment 
in the intact rabbit, on the other hand, that, together with a considerable 
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loss of body weight, there is (with few exceptions) an almost complete 
disappearance of depot fat. The mobilized fat is presumably burnt, and 
contributes to the concurrent rise in metabolic rate. Whether thyroid 
treatment would, in any case, be capable of mobilizing such large amounts 
of fat as accumulate in the hypophysectomized animal is difficult to say, 
but it is quite clear that, in the absence of the pituitary gland, thyroid 
treatment does not assist the animal to dispose of its excess fat, although 
the general loss in body weight is as pronounced as in the normal animal. 
We might therefore expect the rise in metabolic rate caused by thyroid 
feeding to be less in the hypophysectomized animal than in the normal. 
Actually, the absolute rise in metabolic rate was found to be slightly 
diminished. Thus, in a control rabbit, the metabolic rate rose from the 
initial level of 8-85 c.c. O,/kg./min. to 12-49 .c., 4.e. by 3-64 ¢.c, O, during 
the first 6 days of thyroid treatment, whereas in the hypophysectomized 
rabbit 105 the initially low rate of 6-10¢.c. O, rose during the same 
period by 2-57 c.c. to a level of 8-67 ¢.c., which even then is not quite as 
high as the initial rate in the normal animal. 

The evidence therefore seems to indicate that little, if any, of the fat 
which accumulates in the hypophysectomized rabbit is mobilized and 
burnt as a result of thyroid feeding. Certainly we may conclude that the 
accumulation of fat is not due to any impairment of thyroid function 
secondary to removal of the pituitary gland. 

Lwwer fat. In the hypophysectomized rabbit the liver fat was found 
to be within the normal limits of 2-3 p.c. except for one value of 16 p.c. 
Many metabolic disturbances are characterized by excessive fat deposition 
in the liver, and Coope and Chamberlain [1924] observed such a 
condition after repeated injection of extracts of posterior lobe. With some 
of our extracts of anterior lobe we have observed up to 7 p.c. of liver fat, 
and, in one isolated case, 22 p.c. This rabbit, which had been receiving 
injections of alkaline anterior lobe extract, was found to have a pro- 
nounced hyperglycemia and hyperlipemia, and when it was killed large 
masses of abdominal fat were found, similar to those in the hypophysecto- 
mized rabbit, while liver glycogen had almost entirely disappeared. This 
condition has not been seen in other cases, and is considered to be quite 
exceptional. 


ADRENAL CORTEX AND ASCORBIC ACID. 


Britton and Silvette [1932] attach considerable importance to the 
part played by the adrenal cortex in the maintenance of a normal 
carbohydrate balance, and it may well be that the cortical degeneration 
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seen in pituitary deficiency contributes to the derangement of carbo- 
hydrate metabolism which characterizes that condition. 

It is, moreover, significant that according to Viale [1933] pancreatic 
diabetes in the dog fails to appear after total removal of the adrenal 
glands, just as after hypophysectomy. Gondard [1933] and Lewis 
and Turcatti [1933] failed to confirm this, but more recently Barnes 
et al. [1934] and Long and Lukens [1934] have confirmed Viale’s 
findings. Cortical insufficiency may possibly be a common factor in 
these two conditions. Viale, on the one hand, considers the cortex to 
be responsible, but Ciminata’s [1932] finding that denervation of the 


adrenals is as effective as their complete removal, suggests that only — 


medullary deficiency is involved. 

Owing to the difficulty of maintaining a totally adrenalectomized 
rabbit in a condition good enough for experiment, we have not attempted 
to study the effect of anterior pituitary extract in the animal deprived of 
its adrenal cortex. We have, however, sought to determine whether 
administration of cortical extract would restore to normal the increased 
sensitivity of the hypophysectomized rabbit to insulin. 

Rabbit 96. Hypophysectomized. The response to } unit of insulin was: 


Minutes after insulin 0 10 20 30 40 50 
Blood sugar 88 68 50 35 31 25 
convulsed. 


After daily injection of 1 0.0. “eschatin” (for a supply of which we are indebted to 
Messrs Parke, Davis and Co.) for 5 days the response was: | 
Minutes after insulin 0 10 20 30 40 50 
Blood sugar 97 72 56 43 42 46 

In the absence of any knowledge of the exact degree of potency of the 
extract used, or of the dose required to produce an effect, we do not attach 
great importance to this single negative result. 

The possible relationship to carbohydrate metabolism of the ascorbic 
acid known to be present in high concentration in both the adrenal 
cortex and anterior pituitary has so far received little, if any consideration, 
but a possible connection with fat metabolism is suggested by the work 
of Quastel and Wheatley [1934] who associate ascorbic acid with the 
oxidation of fatty acids in the liver. Since it is the one active constituent 
of the cortex which can be chemically estimated with any degree of 
accuracy, it seemed worth while to determine whether it waiiered any 
serious depletion i in pituitary insufficiency. — 

Table I, in which are collected the figures for normal and hypo- 
physectomized rabbits and for rabbits treated with anterior extract, 
gives no evidence of such depletion. — 
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“Total 
wt. of 
adrenals 
in mg. 
367 
480 
101 331 0-62 1-87 0-30 Thyroid fed 
102 232 0-39 1-69 0-16 ” 
106 638 2-15 3-37 0-83 "<a 
Hypophysectomized 
60 3-1 243 0-46 1-88 0-15 Snuffles 
61 2-7 879 0-78 0-89 0-29 Inactive extract 
69 3-5 778 1-38 1-75 0-40 H 
73 3-3 310 0°51 1-63 0-15 ” 
92 2-6 281 0-29 1-03 0-11 ; 
96 2-5 88 0-14 1-60 0-06 Very fat 
107 1-9 167 0-44 2-63 0-23 ” 
41 3+1 337 0-29 0-87 0-10 Thyroidectomized 
84 23 141 0-50 36 0-22 Thyroid fed 
98 4-1 304 0-40 1-33 0-10 Ps 
Inactive extract of anterior pituitary 
58 621 2-3 1-44 0-61 
70 3-3 1-12 1-59 0:34 
75 2-9 794 2-40 3-1 0-83 


76 

79 3-1 754 0-68 0-90 0-22 fat 

hd )-54 

77 3-1 371 0-84 2-23 0-27 9” 


Under the heading of “‘inactive extract’”’ are collected rabbits treated 
with extracts which produced no resistance to insulin but which had, in 
most cases, a marked gonadotropic action, while the “active extracts” 
are those which produced a resistance to insulin accompanied, where 
stated, by a pronounced glycosuria. 

Although the combined weights of the adrenal glands vary widely 
among the different rabbits, both active and inactive extracts of anterior 
pituitary appear to cause a definite increase in adrenal weight, while 
hypophysectomy is followed by a less-marked loss of adrenal Weight. . 
Since, however, changes in the adrenal cortex are mainly responsible 
for the variations in weight of the whole gland, the effect on the cortex is 
probably greater than the above figures at first sight suggest. Such 
changes have already been fully described by Smith [1927] for hypo- 
physectomized animals, and by Evans et al. [1932] and Anselmino ¢ al. 
[1934] for animals treated with suitable extracts of anterior lobe. 
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The amount of ascorbic acid present bears a somewhat closer relation 
to the weight of adrenal glands than to the body weight, but neither of 


these relations seems to be affected by hypophysectomy or by injection of _ 


anterior pituitary extract. There is certainly no indication that a deple- 
tion of the store of ascorbic acid in the adrenal cortex plays any prominent 
part in pituitary insufficiency. | 


Discussion. 


In the present paper further evidence is sled in support of the 
view that the anterior lobe of the pituitary gland plays an important 
réle in the normal glycogenolytic action of adrenaline, and that in its 
absence the glycogen, of the liver at any rate, becomes resistant to 
mobilization by adrenaline. In harmony with this view is the recent 
observation of Fluch, Greiner and Loe wi [1934] that when the liver of 
the hypophysectomized frog is perfused with Ringer’s solution, less 
glucose is washed out than from the normal frog’s liver, although the 
glycogen reserves are by no means depleted. Work is now in progress to 
ascertain whether the muscle glycogen is also affected in its susceptibility 
to this action of adrenaline. 

Such an interference with the normal glycogenolytic action of 
adrenaline would provide an adequate explanation for the increased 
sensitivity of hypophysectomized animals to insulin, for it has repeatedly 
_ been shown that functional impairment or removal of the adrenal glands 
produces a very similar increased sensitivity to insulin. Indeed, Barnes, 
Dixand Rogoff[1934] have recently drawn a direct comparison between 
the two conditions and, further, claim that in each case the normal 
resistance to insulin can be largely restored by a slow infusion of adrenaline, 
_ although the hypophysectomized animal requires a larger amount of 
adrenaline for this purpose. From this observation the authors naturally 
conclude that in the hypophysectomized animal the supply of available 
adrenaline is deficient. We have obtained evidence, however, that such 
is not the case. Whether Barnes’s observation can be reconciled with 
the view set out above remains for further investigation to decide. We 
certainly do not suggest that removal of the pituitary gland renders the 
glycogen completely immune to mobilization by adrenaline, and it may 
be that the continuous infusion of adrenaline in adequate amount is able 
to induce sufficient glycogenolysis to restore the blood-sugar level in the 
hypophysectomized animal. 

Before leaving the question of the glycogenolytic action of adrenaline, 
it is interesting to note that the initial hyperglycemia following intra- 
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venous inleihion of commercial (non-crystalline) insulin preparations is 
diminished by removal of the pituitary gland (see Fig. 1), while it is 
frequently accentuated by administration of an active extract of anterior 
lobe. The statement by Burger and Kramer [1929] that the “initial 
hyperglycemia” was observed even in the absence of the adrenal glands 
adds interest to the point, and would suggest that removal of the pituitary 
gland renders the glycogen resistant to other glycogenolytic agents as 
well as to adrenaline. Indeed, Houssay and Benedetto [1932] have 
found that morphine hyperglycsemia also is affected by pituitary function 
in the same way as adrenaline hyperglycemia, although it is apparently 
independent of the adrenal glands [Houssay and Lewis, 1923). 

With regard to the participation of the thyroid gland in the profound 
changes in insulin response caused by a disturbance of pituitary function, 
we confirm the earlier observation of Benedetto in Houssay’s labo- 
ratory [1933] that an active extract of anterior pituitary decreases 
sensitivity to insulin independently of the thyroid glands. We also find 
that thyroid administration raises the metabolic rate, but does not 
diminish the insulin response in the absence of the pituitary gland. It 
seems clear, therefore, that the increase in sensitivity to insulin after 
removal of the pituitary cannot be attributed to the concurrent thyroid 
degeneration; certainly the latter would not account for the further 
increase in insulin response brought about by removal of the pituitary 
from the already thyroidectomized rabbit. 

It is of interest to note that the mobilization of body fat normally 
brought about by. thyroid administration does not appear to occur, in the 
absence of the pituitary gland. This lends support to Houssay’s view 
that the pituitary gland plays an essential part in the utilization of fat in 
the organism. 

With regard to the réle of the adrenal cortex we have unfortunately 
little evidence to offer. As a result of one experiment we can only 
tentatively suggest that the hypersensitivity to insulin of the hypo- 
physectomized animal is unaffected by administration of cortical extract. 
The ascorbic acid content of the cortex does not — to be influenced 
by pituitary function. 

SuMMARY. 

After removal of the pituitary body the adrenal glands respond 
normally to insulin hypoglycemia by liberating adrenaline into the blood 
stream, yet this adrenaline fails to restore the lowered blood sugar to the 
normal level, in spite of the presence of ample reserves of liver glycogen. 
The hyperglycemic response to injected adrenaline is likewise diminished. 
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Converse changes, viz. a resistance to insulin and an increased response — 


to adrenaline, are produced by injection of a suitable extract of the an- 
terior lobe of the pituitary gland. 

The above changes are explained on the supposition that the anterior 
lobe of the pituitary contains a principle which renders the glycogen 
stores of the liver, and possibly also those of the muscles (now under 
investigation), susceptible to the mobilizing action of adrenaline. 

The changes following removal of the pituitary glands cannot be 
reversed by thyroid administration, hence they are not due to the con- 
current thyroid degeneration. Conversely, the changes produced by 
injection of anterior pituitary extract are not prevented by removal of the 


thyroid glands. 


We wish to acknowledge the helpful interest of Sir Henry Dale in this investigation. 
We are also indebted to Messrs F. MacDonald and A. Spratt for technical assistance 
and to Dr J. Argyll Campbell for the benefit of his experience in the metabolic work. 
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GASTRIC MOVEMENTS IN THE MONKEY. 
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INTRODUCTION. 


FaraDic stimulation of the anterior part of the hypothalamus in the 
fasting cat under chloralose anesthesia resulted in a rise of intragastric 
pressure which was followed by an increase of peristaltic movements of 
the stomach. Both responses were abolished by section of the vagi. 
Faradic stimulation of the posterior hypothalamic region in the cat, under 
similar conditions, resulted in a slight fall in intragastric pressure and 
complete cessation of all gastric movements [Beattie and Sheehan, 
1934]. Kabat, Magouin and Ranson [1934], on the basis of care- 
ful observations on hypothalamic stimulation with a Horsley-Clarke 
apparatus, assigned parasympathetic representation to a region lying 
farther rostrally “in close relation to the anterior commissure,” but they 
did not mention changes in gastro-intestinal activity from stimulation of 
this region of the brain or of the hypothalamus. 

In this laboratory the unexpected appearance of intussusception in 
monkeys subjected to bilateral removal of the frontal areas of the 
cerebral cortex (including the premotor or “area 6” of Brodmann), 
has led to a consideration of the influence exerted by the cerebral cortex 
on the activity of the gut [Watts and Fulton, 1934]. They observed that 
_ faradic stimulation of the premotor region of the monkey’s cortex gave 
rise to active peristaltic movements of the intestine, and that stimulation 
continued over a more prolonged period often resulted in the development — 
of multiple intussusceptions in the ileum. With the exception of an 
occasional relaxation of the gastric sphincters, the movements of the 
stomach did not appear to be affected. They concluded that the premotor 
area of the cerebral cortex in monkeys contains autonomic representation 
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of the gastro-intestinal tract. Further evidence in support of an auto- 
nomic representation in this part of the cortex has been advanced by 
Kennard. [1934] in relation to the vasomotor mechanism, and by 
Fulton [1934]. In view of these observations it was considered important 
to investigate the influence exerted by the cerebral cortex on the move- 
ments and emptying time of the stomach in monkeys. This series of 
experiments has been undertaken in an attempt to record graphically 
any changes in gastric activity resulting from cortical stimulation. 


METHOD. 


Fifteen young monkeys (Macaca mulatta, aged one to three years) 
were used in this investigation, as Patterson [1933] has shown that the 
motility of the empty stomach of the monkey is practically identical 
with that of man. Animals starved for 24 hours, and others fed an hour 
or so prior to commencement of the experiment, were used. These inter- 
vals in relation to feeding were chosen in order to observe both the 
“resting” and “active” stomach, since great emphasis has been laid 
by McCrea, McSwiney and Stopford [1925] on the importance of the 
pre-existing state of “tonus” of the organ at the time of stimulation, a 
point recently stressed again for the monkey by Patterson and 
Rubright [1934]. 

All operative procedures were conducted under profound anesthesia. 
Chloralose, sodium amytal, and dial were tried, but as these anzesthetics 
blotted out the responses to premotor stimulation, ether, which leaves 
the premotor area excitable, was employed. It was found important to 
diminish the rate of inhalation of ether just prior to stimulation, as the 
depth of anesthesia markedly affected gastric activity. 

The method of procedure has been as follows. Under sodium amytal 
anesthesia a preliminary operation with aseptic precautions was carried 
out, a large lateral bone flap being turned down, so as to expose the 
frontal and parietal lobes on one side. The dura was left intact, the bone 
flap replaced, and the wound closed. Two days later, when the animal 
_ had completely recovered, the bone flap was re-elevated rapidly under 

ether anesthesia. A light condom balloon attached by a rubber catheter 
to a water manometer was passed into the stomach through the mouth. 
The entire recording system was previously freed from air. Any change 
in pressure on the balloon was therefore transmitted directly through a 
fluid medium to the recording lever of the manometer. About 100 c.c. of 
water were run into the balloon. By careful palpation through the 
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anterior abdominal wall the balloon could be felt in position and ade- 
quately distended for recording any slight changes in intragastric pres- 
sure. The animal was kept warm, and from this point onwards was 
maintained at @ less profound level of anesthesia. The dura overlying the 
lateral surface of the cerebral hemisphere was incised and reflected. 


Faradic stimulation of the cortex was applied by means of a unipolar — 


or bipolar electrode, the secondary (of a coreless coil) being placed at a 
distance of 10. The cortex was kept moist throughout the experiment 
by swabs soaked in warm saline. Stimulation of various points on the 
frontal, premotor and post-central areas of the cerebral cortex was carried 
out. At each point the stimulation lasted for 2 min. and an interval of 
10 min. was allowed to elapse between successive trials. By this means 
the entire surface of the frontal and premotor areas and of the post- 
central gyrus was explored, and in some experiments stimulation was 
applied to the medial surface of the frontal lobe. 


RESULTS. 


Tracings were taken of changes of intragastric pressure both before 
and after opening the dura. Except for a temporary inhibition and often 
cessation of peristalsis; following the incision of the dura, no marked 
difference between the records was noticed. The peristaltic waves ap- 
peared to follow one another down the stomach at varying intervals, 
the distance between the peaks of two successive waves corresponding 
usually to a time interval of 10-20 sec. There appeared to be a definite 
rhythm in the activity of the stomach, the waves following one another 
for a short period with gradually increasing amplitude and at regularly 
decreasing intervals. After several minutes the activity of the organ 
passed off in the same gradual manner, each wave becoming less in 
intensity and succeeding the last after a steadily increasing time interval. 
Respiratory excursions were often superimposed on the records, but 
there was no difficulty in distinguishing the changes in intragastric 
pressure. 

Increasing the depth of anzsthesia abolished all recognizable activity 
in the stomach for some time. Over-distension of the balloon in the 
stomach was followed almost immediately by forceful and repeated 
contractions. This was undoubtedly due to local mechanical stimulation, 


an attempt on the part of the stomach to get rid of the obstructing — 


foreign body. Such vigorous movements of the stomach are probably 
seen in conditions of pyloric obstruction. | 
12—2 
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- Cooling of the cerebral cortex resulted in a decreased activity of the { c 
stomach, the peristaltic waves appearing less frequently and diminished 
in amplitude. If warm swabs soaked in saline were then applied to the | | 
cortex, the activity of the stomach would return and continue unaffected. 

Saline above 40° C. did not, however, have any observable excitary effect — 
on gastric motility. | 

The empty stomach. In the “resting” (unfed) stomach no initiation 
or increase of gastric activity was ever observed from stimulation of any L | 
point on the cortex, even though the intensity of the stimulus was oc- 
casionally increased by placing the secondary coil at 8. Cortical stimula- 
tion appeared to have no effect either on the level of intragastric pressure : 
or on the somewhat irregular contractions which were sometimes seen in Be 
the unfed stomach. 

Typical synergic movements of the extremities 
any prolonged stimulation of the premotor area. When such movements * 
became at all generalized, the stomach showed an accompanying rise in 
intragastric pressure, without, however, any associated peristalsis. With is 
cessation of the somatic movements the intragastric pressure fell im- BS 
mediately to its original level and remained constant. The frontal | 
“adversive” areas, related to the turning of the head to the opposite ae 
side, were similarly located, but stimulation of such points had no effect 
on the gastric activity, unless the somatic movements spread to the 
trunk, 

Generalized convulsive movements of the entire body were so con- 
stantly produced by any prolonged stimulation of the motor area proper, ? 
that the resultant changes in gastric activity were considered impossible 
to interpret as being due to any direct cortical stimulation. g 

The fed stomach. In the “active” (fed) stomach an initial inhibition 
of peristalsis on first applying the electrode to the cortex was frequently 
observed. No specific point on the frontal lobe for such an inhibitory 
effect could be found. It occurred on stimulation of both the frontal } 
and premotor areas but was not seen from the motor area or from the ~ 
post-central gyrus (Fig. 1). During the period of stimulation the move- 
ments of the stomach sometimes reappeared, when no obvious difference 
could be observed in their character or frequency from records made 
prior to stimulation. This inhibitory effect on gastric motility consisted 
in a diminution both in frequency and amplitude of the peristaltic waves 
(Fig. 2), but there was no fall in the general level of the intragastric pres- 
sure. The inhibition of peristalsis did not always occur, even on a 
subsequent stimulation of the same point from which such an effect had 
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previously been obtained. The frequency of such inhibition from frontal . 
and premotor stimulation was, however, too significant to be overlooked. 74 
In no case have any gastric or intestinal hemorrhages or intussus- | 

ceptions been found at the completion of the —— 


IPSILATERAL AREAS 


Fig. 1. Diagram of the cerebral hemispheres of the monkey (Macaca mulatta), 
showing the principal areas of the frontal lobes, — 


Fig. 2. The effect of stimulation of the premotor and frontal areas on the active (fed) 
stomach of the monkey. Time interval =6 sec. Stimulation indicated on lower line. 


Discussion. 


Previous experimental work on the relation of the cerebral cortex 
to gastric motility has been mainly confined to animals in which morpho- 
logically the premotor and frontal areas of the cerebral hemispheres are 
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still in a low state of development. Bochefontaine [1876] obtained 
inhibition and sometimes complete cessation of the rhythmic contractions 


_ of the pyloric end of the stomach, by stimulation of the cerebral cortex 


in dogs, in the region of the sigmoid gyrus. Hlasko [1887], using dogs 
under curare anzsthesia and the balloon method for recording stomach 
movements, concluded that there was a centre for stimulation of the cardia 
and body of the stomach located in the quadrigeminal bodies. In some 
experiments he also observed that stimulation of the cortex in the 


_ neighbourhood of the cruciate sulcus produced an inhibitory effect on the 


contractions of the cardiac end of the stomach. Openchowski [1889] 
confirmed Hlasko’s findings in regard to the centre in the corpora 


quadrigemina. In addition he localized a centre for relaxation of the 


cardia in the rostral and ventral part of the internal capsule, close to the 
commissure, and somewhat less constantly he obtained similar relaxation 
of the cardia, together with occasional contraction of the pylorus from 
stimulation of the cruciate sulcus. 

Bechterew and Mislawski [1890] observed that stimulation in the 
neighbourhood of the sigmoid gyrus resulted in an increase in pyloric 
contractions, sometimes accompanied by general contractions of the 
body of the stomach. Stimulation immediately rostral to this area 
resulted in inhibition and even total cessation of rhythmic pyloric move- 
ments. In some instances an inhibitory effect on the cardia was observed 
coincident with an increase in pyloric contractions, thus reproducing the 
state of the gastric musculature in the act of vomiting. Bechterew 
[1911] therefore concluded that the cerebral cortex contained specific 
centres for excitation and inhibition for the pyloric and for the cardiac 
ends of the stomach. These results were not confirmed by Page May 


[1904], who, both in dog and monkey, was unable to observe any 


alteration of tone or of the rhythmic contractions of the gastric muscu- 


lature from cortical stimulation, unless the excitation had been increased 
to such an extent as to cause general somatic convulsions. 


The results recorded in the present series of experiments confirm the 
observations of Page May in that no evidence was found in support of 
Bechterew’s cortical centre of excitation for gastric motility, and they 
are in accordance with the findings of Watts and Fulton in regard to 
the stomach. But there would appear to be a definite inhibition of gastric 


"activity from stimulation of the frontal and premotor areas, and this 


observation substantiates similar observations on dogs by earlier in- 
vestigators, particularly Bochefontaine and Hlasko. No sharply 
localized centres, however, could be located. 


: 
4 
4 
a 
‘3 
Vg 
¥ 
q 
i 
Bs. 
; 
; 
by 
tf 
i 


CORTICAL STIMULATION ON GASTRIC MOVEMENTS. 183 


The exact nature of such inhibition, whether impulses pass along 
autonomic efferent pathways, or indirectly via the thalamus, is unknown. 
The inhibitory effect of the’ anzsthetic has been satisfactorily excluded 
in the above experiments, but it must always be borne in mind that any 
painful stimulus applied to the skin or elsewhere will inhibit gastric move- 
ments. Furthermore, Patterson, Rubright and Scott [1934] have 
recently shown that the mtroduction of very small quantities of weak 
solutions of acid or alkali produces.a similar effect on the gastric hunger 
contractions of monkeys. Thus many factors, mechanical and chemical, 
in addition to the well-known psychical influence, may contribute to- 
wards any diminution of gastric activity. 

Though the balloon method is the best. yet eailable | for recording 
graphically the movements of the stomach, the presence of a rubber tube 
in the oesophagus and a distended balloon in the stomach must of necessity 
give rise to many extraneous afferent stimuli throughout the experiment, 
and such results cannot therefore be finally accepted as a measure of the 
normal working of the stomach. Any operative measure, such as opening 
the abdomen or exposure of the cortex, further complicates the pro- 
cedure, and must render the final elucidation of the problem by this 
method still more difficult. It is for this reason that fluoroscopic studies 
on the relation of the cerebral cortex to the emptying time of the stomach 
are at present in progress. 

In conclusion it can be stated that the results from cortical stimulation 
in the monkey suggest a central inhibitory influence on stomach move- 
ments from the frontal and premotor areas of the forebrain. There 
appears as yet no convincing evidence in support of Bechterew’s sharply 
localized cortical centre of excitation of gastric activity. 


SuMMARY. 


1. Cooling of the cerebral cortex resulted in a decreased activity of 
the stomach. Application of warmth to the cortex restored the pre- 
existing activity of the organ, but temperatures above 40° C. did not have 
any observable effect on gastric movements. 

2. In the “resting” (unfed) stomach no initiation or increase of 
gastric movements, nor any change in intragastric pressure, were ob- 
served from faradic stimulation of any point on the frontal, premotor, or 
post-central areas of the cortex. 

3. In the “active” (fed) stomach faradic stimulation of both frontal 
and premotor areas gave rise to inhibition of peristalsis, but no change in 
the general level of the intragastric pressure was seen. 
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4, While the inhibitory effects were seen only from the regions of 
the cortex rostral to the motor area, no sharply localized excitory or 
inhibitory cortical centres regulating gastric movements were found. 
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REFLEX INTERRUPTIONS OF 
RHYTHMIC DISCHARGE. 


By E. C. HOFF, H. E. HOFF anv D. SHEEHAN}. 
(New Haven, Conn.) | 


(From the Laboratory of Physiology, Yale University School of Medicine.) 
| (Received August 8, 1934.) 


INTRODUCTION. 


In a recent publication Hoff, Hoff, Bucy and Pi-Sufier [1934] showed 
that a tendon jerk elicited during the repetitive discharge of a soleus 
motor neurone “resets” the rhythm of discharge of the unit in a manner 
closely resembling that following an antidromic impulse [Eccles and 
Hoff, 1932]. The number of such imposed discharges studied was too 
small to permit statistical analysis of the effect of time of occurrence of 
the added reflex discharge on the duration of the interval prior to the 
next succeeding discharge in the rhythmic series. The more complete data 
obtained in the present studies confirm the inferences drawn in the earlier 
report, and they give further support to the suggestion offered by Eccles 
[1931] that an antidromic volley arriving at the motor neurone wa the 
axone produces an effect identical with that of a reflex discharge. In 
addition, the studies provide a basis for re-examination of the theory of 
motor neurone discharge developed by Eccles and Hoff [1932]. 


MerHops. 


Cats were decerebrated under deep ether anesthesia, and the right 
soleus muscle isolated by appropriate nerve and tendon section. The skin 
of the leg was denervated as completely as possible by section of the 
larger nerves and by an incision through the skin circumscribing the 
thigh. The leg was held by drills passing through the two extremities of 
the tibia, attached to the clamps on a Sherrington table. The tendon of 
soleus remained attached to its normal insertion, permitting reflex jerks 


1 Rockefeller Fellow, Manchester, England. 
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to be elicited by taps on the foot, thus stretching the muscle without the 
risk of stimulating inhibitory endings in the tendon by the tap itself. 
Action currents were led to a string galvanometer by means of silver 
silver-chloride pins which could be inserted into various parts of the 
muscle, With a light constant stretch single units could usually be 
isolated on the periphery of the muscle, though in other experiments the 
motor supply to the muscle was decreased by partial section of appro- 
priate ventral roots, thus permitting registration of discharge of single 
units of higher threshold and more rapid rhythm. 


RESULTS. 

The rate of discharge of single units in these investigations was 
strictly comparable to the rates found by Eccles and Hoff [1932] in 
single units participating in the crossed extensor reflex of deafferented 
preparations. In the same unit variations in rate from five to twenty a 
second occurred, depending upon the degree of stretch. On one occasion, 
however, a single unit of high threshold was isolated by motor root 
section which showed a maximum rate of 33 per sec. and a minimum rate 
of 20-25. These units of high threshold and rapid rate have been seen by 

one of us (H. E. H.) in soleus during the crossed extensor reflex, and about 
10 p.c. of the records of single units obtained at random seem to be of this 
type. It may be that they represent the discharge of the small proportion 
of pale fibres found in soleus by Denn y-Brown [1929]. Apart from their 
higher frequency the characteristics of their discharge are similar to 
those of slower units, and they are equally affected by interruptions of 
reflex as well as antidromic origin (unpublished observations). 

In three experiments the number of observations on the same single 
unit was sufficient to permit graphic representation. The interval before 
the action current of the reflex jerk (the “curtailed cycle”), expressed as 
a percentage of the average interval between two normal discharges, was 
plotted against the interval following the jerk (the “subsequent cycle”). 
In these experiments the time relations of the action currents of the motor 
discharge were used without correction as indications of the central 
events, as the earliest possible premature discharge would be conducted 
to the muscle at practically the normal rate. In every experiment curves 

_ so prepared (Fig. 2) showed that premature reflex discharge of a rhythmi- 
cally firing motor neurone has the same effect on the rhythm as an anti- 
dromic impulse. Reflex discharges occurring at the very moment of a 
normal rhythmic discharge were followed by a cycle of normal duration, 
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while those elicited earlier in the rhythmic cycle were followed by sub- 
sequent cycles of greater than normal duration. A maximum cycle of 

" 1-4-1-7 times a normal cycle followed reflex discharges interposed almost 
immediately after a normal rhythmic discharge. 


4 4 


Fig. 1. The interruption of the rhythmic discharge of a single motor unit of soleus by a 
tendon jerk is shown. In A an only slightly premature reflex discharge is followed by an 
almost normal subsequent cycle. In C, D, and E the curtailed cycle becomes pro- 
gressively shorter, and is accompanied by a corresponding increase in the length of the 
subsequent cycle. In D and E the first normal cycle after the reflex interruption is 


curtailed by a premature spontaneous discharge. In F (from another experiment) 
the size of the efferent volley has been reduced by cutting away ventral root fibres, but 
the effect of the tap remains the same. Vertical lines mark 40c intervals. 


Spontaneous premature discharge following the first normal beat after 
early reflex interruptions characterized certain experiments, just as was 
found following early interruption by an antidromic volley. The interval 
subsequent to such a double discharge was equal to that following a 
reflex volley as early in the rhythmic cycle as the premature spontaneous 


discharge (Fig. 1 D and E). 
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These experiments confirm the less numerous earlier observations that 
a vigorous tendon jerk can take place entirely unassociated with inhibi- 
tion from any source. Eccles and Hoff [1932] pointed out that the 
presence of inhibition is revealed by a uniform elevation of the curve 
relating premature cycles to subsequent cycles. Curves derived from data 
obtained in these experiments pass without exception through the point 
1-0 : 1-0 showing that inhibition was not present. Tendon jerks have been 
obtained in rhythms as slow as five a second, and even in these very 
favourable circumstances inhibition could not be detected. 


1-4 
3 
lap 
0 0-2 
: Curtailed cycle 


Fig. 2. The effect of single reflex discharges on the rhythm of a soleus motor neurone. 
Curtailed cycles as abscisse are plotted against subsequent. cycles as ordinates, both 
being expressed as fractions of the average normal cycle. 


Refractory period. In every experiment it was found that the neurone 
could be caused to discharge reflexly by means of the tendon tap within 
8o after a preceding rhythmic discharge (Fig. 1). The absolutely refractory 
period following the normal rhythmic discharge of a motor neurone can 
therefore not exceed 80 and is probably somewhat shorter. Variations in 
rate of an individual single unit, or differences in rates of different units, 
had no detectable influence on the length of the least interval separating a 
normal rhythmic discharge from the reflex volley, although rates as high 
as 30 per sec. were investigated, and variations in individual units from 
5 to 20 per sec. could be recorded. The refractory period eens the 
reflex discharge of the tendon jerk was not studied. 
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The position of the reflex discharge in the rhythmic cycle was in no. 


instance found to depend on the strength of the tap. Even with the very 
lightest taps, reflex discharges could be elicited early in ‘the cycle as 
readily as later. | 
Discussion. 

The theory of rhythmic discharge. Eccles and Hoff [1932] suggested 


that a soleus motor neurone responding to continuous crossed stimulation 


_ by rhythmic discharge is subjected to a continuous and uniform bom- 


bardment by excitatory impulse from internuncial neurones. Each im- 
pulse adds to the effect produced by other similar impulses until threshold 
is reached, and discharge of the neurone occurs, accompanied by a dis- 
sipation or diminution of the “activity” of the rhythmic centre. The 
interval between two successive rhythmic discharges therefore represents 
the time required for the summation of the effects of individual excitatory 
impulses to reach a constant threshold intensity. 

To explain the increased interval following an early antidromic dis- 
charge it was suggested that the antidromic impulse discharged the 
neurone while the intensity of the excitatory processes (C.£.s.) was still 
subthreshold; consequently it was depressed to a lower level than 
following normal discharge, and a longer than normal interval elapsed 
before it again reached threshold intensity. It might be expected, how- 
ever, that the excitation from the tendon tap would sum with the excita- 
tion from the stretch background and raise the intensity of c.z.s. to 
threshold, the ensuing discharge would then depress the 0.E.s. to a 
normal level, and the subsequent cycle would always be equal to a normal 


cycle no matter when the “curtailed cycle” was interrupted. Since this — 


is clearly not the case, a re-examination of the theoretical conclusions of 


- Eccles and Hoff becomes necessary. It is possible to consider at least 


two alternative views. 

On one hand it might be that the rhythmic discharge of a motor 
neurone is not entirely determined by the summation of excitation to a 
constant threshold value, but that alterations in threshold are involved, 
such as are to be expected during the relatively refractory period in any 
excitable tissue. Little information exists concerning the relatively 
refractory period in neurones of the spinal cord, although Eccles and 
Hoff [1932] found evidence for a fairly long relatively refractory period 
in the motor neurone, and Hughes and Gasser [1934] observed long 
relatively refractory periods in internuncial neurones. 

It is therefore possible that discharge of a motor neurone occurs at the 
moment the rising intensity of excitation meets the falling threshold of 
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the relatively refractory phase. If it were postulated that following a 
premature discharge the relatively refractory period were prolonged, an 
explanation ‘would be had of the lengthened intervals following early 
interruption. In such an explanation the nature of the factor producing 
the discharge, whether antidromic or reflex, would be of no importance. 
A much similar explanation of the rhythmic discharge of sense organs is 
proposed by Matthews [1933]. : | 

Such a hypothesis could not, however, explain the very long abso- 
lutely refractory periods found in some experiments by Eccles and Hoff 
[1932], which were entirely unrelated to the period of discharge. In 
addition, the refractory period following premature extrasystoles in 
cardiac tissue has been found repeatedly to be shorter rather than longer 


than normal [Eccles and Hoff, 1934]. It is thus unlikely that an in- — 


crease in the absolutely or relatively refractory period could be the cause 
of thelengthened cycle following the premature interruption of a rhythmic 
process. 

On the other hand, the observed facts are susceptible of another ex- 
planation. Normally in the stretch reflex, discharge of a motor neurone 
results from the summated effects of the discharge of a large number of 
terminal fibres ending on dendrites and the cell body of the neurone. The 
existence of such terminals or “boutons terminaux” has been demon- 
strated, and their synaptic nature proven by one of us[E. C. Hoff, 1932]. 
The discharge of any single bouton is probably insufficient to cause more 
than a local disturbance, and only when a relatively large number have 
discharged does their combined effect reach threshold. The site of such 
summation may be, as has been suggested, the cell body. In the tendon 
jerk, however, large numbers of boutons must discharge simultaneously, 
and it is possible that at some region of the cell, perhaps on a dendrite, 
this discharge involves several boutons lying close together. Such an 
involvement of a larger area of the dendrite might be similar to the 
increase of electrode size in Gelfan’s [1931] experiments, and set up a 
propagated disturbance which would pass down the dendrite to the cell 
body. On arrival there it would have an effect on the summated activity 
of the cell as a whole, identical with that of an antidromic impulse con- 
ducted to the cell body wa the axon. If this be the case it suggests that a 
neurone may be caused to discharge in two ways: first by the summation of 
the effect produced by discharge of individual boutons on various parts 
of the cell as well as the repetitive discharge of the same boutons; and 
second, by the concentrated discharge of a few boutons lying close to- 
gether on a dendrite which may give rise to a propagated discharge which 
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will be conducted to the cell and cause its discharge. It may well be that 
very long dendrites, both in the cord and the brain, whose length seem- 
ingly makes it improbable that subliminal stimulus at the distal end 


- could have any effect on the cell, function in this manner. 


| Summary. 
1. Rhythmically discharging soleus motor neurones may be inter- 


rupted at any phase of their cycle of discharge, except during an abso- 


lutely refractory period of less than 8-10c, by the reflex discharge pro- 
duced by a tendon tap. 

2. Such an imposed reflex discharge “resets” the rhythm of the 
motor neurones so that the interval following the jerk is as long as, or 
slightly longer, than a normal cycle, depending on its position in the 
rh¢¥thmic cycle it interrupts. 

3. The effect upon the rhythm of a discharging motor neurone pro- 
duced by a reflex jerk is in every way identical with the effect upon 
similar rhythms of an antidromic volley. 

4. The tension produced by the tap or by the reflex jerk was in these 
experiments insufficient to stimulate inhibitory endings. 

5. It is suggested that in addition to discharge brought about by 
summation of impulses from widely separated points on the cell, the 
motor neurone may be activated by a propagated disturbance originating 
from a small area of intense stimulation. 
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CONDITIONS OF FCETAL RESPIRATION IN 
THE GOAT. 


By J. BARCROFT, R. H. E. ELLIOTT, L. B. FLEXNER, 
 ¥. G. HALL, W. HERKEL, E. F. McCARTHY, 
T. McCLURKIN M. TALAAT, 


(From the Physiological Laboratory, Cambridge.) 
(Received July 19, 1934.) 


As an introduction to the discussion of foetal respiration it may be desir- 
able to state the essential problem. 

(1) In the placenta there is a progressive development of both the 
maternal and foetal components [Barcroft and Rothschild, 1932; 
Hammond, 1934]. 

(2) The maternal components pea on the whole before the foetal 
ones. Thus in the rabbit by the eighteenth day (the period of gestation 
being 30 days) the stream of blood through the maternal vessels has 
attained to at least half its maximum volume. On the other hand the 
embryos are negligible in size. Therefore the maternal blood rushes 
through the placenta emerging almost as red as when it entered, the 
amount of oxygen removed for the purpose of foetal respiration being but 
trifling?. 

(3) From this point as pregnancy proceeds, the embryos grow apace, 
denuding the maternal circulation of ever-increasing quantities of 
oxygen. As the quantity of maternal blood which traverses the placenta 
does not correspondingly increase, that emerging in the uterine veins 
becomes progressively darker, and at times may be as little as 25 p.c. 
saturated with oxygen. . 

_ (4) In the absence of any special arrangement to the contrary one 
must picture the placental circulation somewhat as follows: | 

Two streams of blood enter the placenta by the uterine (maternal) 
and umbilical (foetal) arteries respectively. The former is the red arterial 

1 The above statements are based on the paper of Barcroft, Herke! and Hill [1933]. 


As their preparation involved injury to the nerves of the uterus the work has been repeated 
on preparations not open to this objection. The result was the same. 
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blood of the mother, the latter is the dark venous blood of the fostus. In 
the placenta they come into intimate contact but never actually mix. 
The limiting condition therefore is that they should emerge in equili- 
brium, in which case the oxygen pressure in the blood of the umbilical 
vein (going to the foetus) and that of the uterine veins (returning to the 
mother) should be sensibly the same. That being so, and again in the 
absence of any special mechanism to the contrary, one might expect the 
hemoglobin in each to be of the same percentage saturation and the 


my 
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Fig. 1. Superior limit of estimations of percentage saturation of blood 
in umbilical vein. 


blood in the two vessels to be similar in colour; neither so red as that in 
the uterine artery nor so dark as that in the umbilical artery. 
Moreover, on the above premises one would expect the blood in the 
umbilical vein to become progressively darker as pregnancy runs its course. 
(5) In fact these expectations are not realized, and towards the end of 
pregnancy the blood in the umbilical vein is often definitely brighter in 
colour than that in the uterine veins. Indeed in the goat up to the 19th 
week of pregnancy the saturation of the blood reaching the foetus tends to 
become higher (Fig. 1) and that returning to the mother becomes lower. 
What is the explanation? 
(6) Having stated the problem in its general form, some matters of 
detail may now be mentioned. Paragraph No. (4) above commences, 
PH. LXXXIII. | 
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“In the absence of any special arrangement.” In the rabbit the ana- 
tomical structure of the placenta appears to afford at all events a partial | 
explanation, for according to Mossman [1926] the capillaries in the 
placenta are so disposed that the blood entering the placenta from the 
foetus makes its first contact with the maternal blood which is about to 
_ leave the placenta, whilst the blood leaving the placenta for the fostus 
makes its last contact with the maternal arterial blood reaching the 
placenta from the arteries of the mother (Fig. 2a). 

With such an arrangement clearly the blood in the umbilical vein — 
could be much redder than that in the maternal vein. But this disposition 
of vessels appears to be a special feature in certain animals only, and 
therefore it is not a solution of the general problem. 


Fig. 2. 


Fig. 2. Schematic representation of vessels in placenta (a) of rabbit as described by 
Mossman, (6) of goat. A, artery carrying blood from mother; B, vein returning blood 
to mother; C, umbilical vein carrying blood to fotus; D, umbilioal artery carrying 
blood to placenta. 


Table I gives data of the age and weight of the foetuses and mothers 
respectively in the goat. From it growth curves may be constructed as 
has been done by Huggett [1934] for some of the data given in the 
table. When the weight of the foetus is plotted against its age a curve of a 
sigmoid type is obtained. It presents the general appearance to be ex- 
pected for the growth of an organism which, starting as something very 
small but growing rapidly, grows at a decreasing rate and ends up as a 
large organism of slow growth. 

Actually the curve when analysed presents some special. features. 
The whole embryo grows from a cell the weight of which is perhaps one 
millionth of a milligram (1.e. ten times the weight of a red blood cor- 
puscle). If it grew at a uniform rate of sixty-fold increase per week the 
embryo would be of the order of size which we find it—9 g. at the end of 
the seventh week. Presumably the growth is more rapid at first and 


f 
3 A 
»* 
4 
ng 
Js 
ys 
BY 
£4 
+a 
D C 
Cc 
<4 
( 
if 
\ 
A 
b 
‘ 
‘a 
5 


44-8 


I, 
of 
Date of 
days 
10. ii. 33 16.3 
23. iii. 33 7 
7. iv. 33 
11. iv. 33 10.1 
13. iv. 33 ll 
18. iv. 33 12 
24. iv. 33 13.2 
1. v. 33 14.3 
5. v.33 15.1 
12. v. 33 16.1 
18, v. 33 
22. v. 33 18 
31. v. 33 19.6 
31. v. *15-16 
31. xii. 33 9.5 
22. i. 34 12.5 
1. ii, 34 14.5 
16, ii, 34 19.3 
19. ii. 34 20.4 


FQ@TAL RESPIRATION IN THE GOAT. 


* Inferred from weight. 


ili, 34 


Operation “Stocking” Birth 
5. ii, 34 
1, iii, 34 


II, Kids. 
Date of 
6. ix. 33 4, ii, 34 
1. x. 33 28, ii. 34 
1. x. 33 


2. iii. 34 


195 q 
Serial Weight Number of fctuses 
No. kg. foetuses kg. 4 
32 2 0-115 
0-110 
2 40 2 0-255 a 
0-275 
| 28-4 2 1-25 
1-19 4 
: 4 i 0-009 
5 regnant 
7 1 0-160 
8 31-2 9 0-278 
0-254 4 
9 23-1 l 0-374 4 
10 25-8 1 0-646 : 
ll 36-9 2 0-73 q 
0-69 
12 l 1-225 
13 24-6 t 4 
14 37-8 2 1-84 q 
1-43 q 
17 38:8 0-075 
26-2 2 0-228 q 
0-251 
19 48-8 2 0-563 q 
0-538 
0-833 4 
21 40-4 3 0-960 4 
0-952 
22 a 2 2-28 4 
2-91 4 
Serial Weight 
No. Age kg. 
20 20 hours 4°8 
93 1 day 2-34 
6 Less than q 
14 hours 4 
13—2 
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slows down, but it is not surprising to find that in the eighth week the 
rate of growth is approximately 120 p.c. reckoned in the following way: 
if ais the weight at the a of the seventh week and b is the weight at the 
end of the eighth week, fee 100 =120. Beginning at the end of the 
ninth week and sobhdbiatig to the end of the sixteenth week there is a 
period during which the rate of growth is almost uniformly 40 p.c. of the 
weight of the foetus. The rate then becomes slower and at last negligible 
(Fig. 3). 

ie interesting relationship is that of the foetal weight to that of 
the placenta. Fig. 4 shows this relation for the foetuses other than triplets. 
We have never had a case of more than three foetuses. 

The first point to be investigated regarding the conditions which 
govern foetal respiration is clearly the exact forms of the oxygen dissocia- 
tion curves of the maternal and foetal bloods respectively. Two sets of 
observations on this subject are to be found in the literature. Huggett 
[1927] reported that the blood of the foetus contained less oxygen at 
given pressures than that of the mother: his observations were made 
upon goats. Haselhorst and Stromberger [1930, 1931], in an elegant 
research on the human subject, came to the opposite conclusion. In 
neither case, however, was the dissociation curve delineated in detail 
over the whole of its course, nor was it followed progressively during the 
period of pregnancy. We were fortunate in obtaining from a reliable 
source @ sufficient supply of goats to obtain weekly information from 
the seventh week onwards, the period of gestation in the goat being 
21-22 weeks. 


METHOD. 


The goat was anesthetized with urethane 4c.c. per kg. If necessary it 
was given some 0.E. mixture. The animal was then placed in a saline bath 
and the abdomen was opened. The foetal blood for analysis was withdrawn 
from the umbilical artery or vein (as the case might be) with a hypodermic 
syringe. The syringe was prepared by filling the dead space with a solution 
of 3 g. acid potassium oxalate and 1 g. sodium fluoride in 100 c.c. water. 
Enough of this mixture was placed in the syringe to insure that the blood 
when drawn would be diluted with the solution in the ratio of 9:1. This 
may conveniently be done by the use of a syringe, with a glass bead of 
suitable size to ensure thorough mixing. 

The samples of blood for determination of the dissociation curves 
were drawn as described above and were placed in a saturator filled with 
air to which CO, was added to a partial pressure of about 50 mm. Hg. 
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The equilibration was carried out at 38°C. in the new saturators 
[Barcroft, 1934]. The blood-gas analyses were made in the van Slyke 
manometric apparatus. Usually the determination of a single point 
required the cooperation of four persons, the gas analysis being done 
in. duplicate by two of them, and the blood-gas determination (also in 
duplicate) by the others. The maternal blood was equilibrated in saturators 
of about 300 c.c. capacity. The pipette used delivered two blood samples, 
each of 1 c.c. The saturators used for the footal blood were varied accord- 
ing to the size of the foetus, é.¢. according to the amount of blood avail- 
able. Usually, however, they were of 25-60c.c, capacity, the pipette 
delivering 0-2 c.c. samples. The curves, both maternal and fostal, were 
determined in the presence of 50 mm. CO, as nearly as possible, and 
corrected to that figure. Naturally the smaller the saturator the more 
difficult it is to hit off the exact CO, reading desired. 

Care was taken to put the blood into the van Slyke apparatus im- 
mediately it was taken from the bath and not to leave it standing in the 
pipette. The following is a series of readings showing a fair sample of the 
accuracy obtained with the foetal bloods using the small tonometer 
saturators: 


Goat 14. 

Oxygen Percentage 

saturation 
(1) 16-2 22-5 
16-7 22-3 
(2) 52-6 
24-8 52-4 
(3) 32-8 80-0 
81-8 
(4) 57-2 83-3 
57-0 83-7 


The chief points about the dissociation curves are as follows. 

Fig. 5 shows an area between two dotted lines. These are the limits of 
the curves which we have plotted for normal female goats, 1.e. goats which 
are not, and have not recently been pregnant. We have ascertained that 
(1) the curve is not appreciably altered by the anesthetics which we have 
used, (2) the points fall on the same curve whether the blood is defibri- 
nated by whipping or drawn into a syringe with a tenth of its volume of 
oxalate fluoride mixture, and (3) the sample of blood gives points on the 
same curve whether equilibrated in the large or the small saturators. 

Fig. 6 (goat 4, seven weeks pregnant) shows the points obtained from 
the earliest pregnant goat which we studied, and they are all within the 
normal area. 
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Fig. 5. Limits within which fall the oxygen dissociation curves of normal female goats not 
recently pregnant. CO, pressure 50 mm., temp. 38° C. 
Fig. 6. Goat 4, pregnant 7 weeks; points on dissociation curve of mother. 
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Fig. 7. Goat 1, pregnant 10 weeks. ¢ maternal blood; x fostal blood, CO, pressure 50mm., 
temp. 38° C, i 
Fig. 8. Goat 6, pregnant 10 weeks 1 day; notation and conditions as in Fig. 7. 
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Figs. 7 and 8 show maternal curves (10 weeks and 10 weeks 1 day). 
They are now definitely to the right of the normal area. One point only in 
each case has been obtained for the foetal blood; it lies within the normal 
maternal area. 

Fig. 9 (11 weeks and 2 days) shows the maternal blood much as in 
Figs. 7 and 8, but two points were obtained for the fostal blood. These 
show a new feature, namely that they lie on a curve which tends to cross 
the normal area. A single case of this kind might naturally be discounted 
on the ground that one or other observation was erroneous; its import- 
ance, however, is evident from the fact that all the foetal curves up to 
Fig. 15 show the same characteristic. 


7 Fig. 10 (13 weeks 3 days) again shows a new character, namely that the 
fostal curve is drifting farther away from the maternal one, as the pressure 


becomes lower. 

For instance, at half-saturation the gap between the maternal and 
foetal curves in Fig. 9 corresponds to 7 mm. pressure: in Fig. 10 it is 
10 mm. or estimating in terms of the mat saturation at a given 


| pressure, in the same region: 


Maternal F 
blood Mean Difference 


Percentage saturation: Fig. ‘ 13 


_ Fig. 11 (14 weeks and 1 day) shows much the same features as 


Fig. 10 (13 weeks). In the region of 50 p.c. saturation the difference — 


is 17 p.c. The maternal and foetal curves are both more to the right 
than in Fig. 10. To this we ascribe no special significance, it probably 
means that before pregnancy the curve in the case of goat 10 (Fig. 11) 
was near the right of the normal area and that of goat 9 (Fig. 10) was 
near the left. 

In Fig. 12 (15 weeks and 2 days) the gap between the foal and 


. maternal curves has increased and now corresponds to difference of 


saturation of 25 p.c. at 31 mm. oxygen pressure. — 

This may be a suitable point to emphasize the relative properties of 
the maternal and foetal curves which are found at this stage: all our 
estimations of the percentage saturation of oxygen in the blood of the 
umbilical vein, 4.¢. the foetal blood leaving the placenta, show a con- 
siderable degree of unsaturation. They vary very much, which perhaps 
indicates that the last word has not yet been said as regards technique, 
but broadly speaking they lie between 80 and 40p.c. (see Fig. 1 )saturation, 
which is roughly the region covered by the foetal curve in Fig. 12. What 
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Fig. 10. 
Fig. 9. Goat 7, pregnant 11 weeks 2 days; notation and conditions as in Fig. 7. 
Fig. 10. Goat 9, pregnant 13 weeks and 3 days; notation and conditions as in Fig. 7. 


P.c. saturation with oxygen 


100 
00) 
4 
4 
4 
‘ 
i 
i, 
7, 
4 50 60 
i 100 
Kf / 
4 ; 90 
BS 4s 4 
3 
70 
0 10 20 
A 
4 
pe) 
a x - 
/ 
/ 
/ 
47 
47 
Ay 4 
10 
4 
a 0 10 20 i i 50 60 
oy 
Oxygen pré@sure, mm. Hg 


P.c. saturation with oxygen 


P.c. saturation with oxygen 


50 


Oxygen pressure, mm, Hg 


Fig. 12. 
Fig. 11. Gost 10, pregnant 14 weeks 1 day; notation and conditions as in Fig. 7. 
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Fig. 12. Goat 11, pregnant 15 weeks 2 days; notation and conditions as in Fig. 7. 


4 


~ 
¢ 
/ 
/ 
100 40 50 af 0 
/ 3 
A 
7 90 
/ / 
7,7 
7 
4 
80 
iC 
“a x 
4 
4 
q 
, Oxygen pressure, mm. Hg 3 
Fig. 11. 
/ / 
F 
/ 
/ 
/ 4 
7 4 
10 
4 
“a 
0 10 20 30 40 |_| 70 
1 


204 J. BARCROFT AND OTHERS. 


then is the difference of oxygen saturation between foetal and maternal 
‘blood at a given pressure as one passes down the footal curve? 


Oxygen pressure mm. 

Saturation of 7 6 4 
foetal blood 
Difference of O, 5 
saturation 
maternal and 
foetal blood 


Thus down to a low point (that at which the dissociation curve of 
the mother begins to curl inwards towards the origin) the lower the | 


oxygen pressure at which the maternal blood yields its oxygen the 
greater the amount which can be transferred to the footus at a given 


At this point we may suitably consider Figs. 13 and 14. They 
are the dissociation curves of two goats which were members of the 
series and were operated upon on the assumption that they were pregnant 
but which in point of fact contained no embryos—that of Fig. 13 had 
gone 17 weeks from “stocking,” Fig. 14 had gone 9 weeks. The points 
obtained in both cases fell in, or on the edge of, the area for normal goats. 
Whether these animals never were pregnant or whether they had con- 
tained foetuses which had been reabsorbed, we do not know. They ap- 
peared to us to be rather satisfactory controls. 

We may now pick up our survey of the general progress of events, 
which we had brought up to the fifteenth week. Goat 3 (Fig. 15) had 
gone 16 weeks and 3 days. In its essential points the curve does not 
differ from that of Fig. 12. | | : 

Fig. 16 (18 weeks and 2 days) shows a remarkable change. The dis- 
sociation curve of the foetus is altering in shape. The general nature of the 
alteration is in the direction of increased adaptability to take up oxygen at 
high oxygen pressures, and this without any sacrifice at low ones (20 mm. 
and the like). The question may be asked, what does the foetus gain by 
this increased ability to take up oxygen at low oxygen pressures? A 
partial answer may perhaps be found in Fig. 1. None of our observations 
has given us more solicitude than those of the direct records of the 
percentage saturation of the blood taken from the umbilical vein. The 
results vary greatly, but the curve shown in Fig. 1 gives the upper limit. 
Often the points are much lower. At present we have not sufficient in- 
formation fruitfully to discuss whether these lower observations are due 
to experimental procedure, e.g. constriction of the uterine vessels when 
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7 Fig. 14. 
Fig. 13. Goat 13, not pregnant 17 weeks from presumed fertilization; notation and con. 
ditions as in Fig. 7. 


Fig. 14. Goat 5, not pregnant 9 weeks from presumed fertilization; notation and conditions 
as in Fig. 7. 
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Fig. 15. Goat 3, pregnant 16 weeks 3 days; notation and conditions as in Fig. 7. 
Fig. 16. Goat 14, 18 weeks 2 days; notation and conditions as in Fig. 7. 
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the uterus is opened. The highest ones seem to be as high as is consistent 
with the existing anatomical conditions in the placenta of the goat (see 


Fig. 26). It is not easy (short of some form of oxygen secretion) to see 


that the oxygen pressure in the blood which leaves the placenta for the 
foetus can be much higher than that which leaves the placenta for the 
mother. If then in goat 14 the curves for the mother and foetus are sub- 
stantially as in Fig. 16, and if the footal blood is 83 p.c. saturated, that 
would correspond to a pressure of 50 mm. O,. This pressure indicates a 
saturation of 60 p.c. or over in the blood of the uterine vein, which is as 
high as can be expected, perhaps higher. 

These considerations, with some others of a like nature, form as we 
have said “a partial answer,’’ but it is difficult to escape the feeling that 
there is something prophetic about the change in the shape of the dissoci- 
ation curve. It is acquiring the degree of inflection typical not of foetal 
but of ante-natal existence. Indeed the eighteenth week is a period at 
which many alterations take place. Fig. 3 indicates that about this time 
the embryo ceases to grow at a uniform rate, and the dissociation curve 


_ takes on its ultimate degree of inflection whilst the blood in the umbilical 


vein reaches its maximum saturation (Fig. 1). It is natural to ask, why 
is the foetus not born at this point? Why does it carry on a lingering 
existence in the uterus, growing at a reduced rate and straining the con- 
ditions of respiration till the blood which supplies it is not 80 p.c. but 
perhaps 50 p.c. saturated? The answer is probably to be found in the 
extent to which three or four extra weeks of intra-uterine life enables the 
newly born kid to fend for itself. On the day that it is born it can walk. 
At a stage of maturity probably corresponding to the eighteenth week in 
the kid, the human foetus is born. 

The curves for goat 21 (19 weeks and 3 days) do not differ in any 
essential point from Fig. 16. It happens that the maternal and foetal 
curves are a little to the left of their position in Fig. 16, but this is 
probably unimportant, the relation of the curves to one another is 
essentially the same, but in Fig. 18 (goat 22, 20 weeks and 4 days) there is 
a marked change, The maternal and foetal curves are drawing towards one 
another: the conditions are becoming less favourable to foetal respiration 
at a time when the embryo is still growing and requiring more oxygen. It 
is not surprising then to find a large drop in the percentage saturation of 
the blood in the umbilical vein of goat 22 as compared with goat 21 (Fig. 1). 
But the curves draw still closer. Fig. 19 (goats 25 and 26) shows those 
of the mother and kid at the birth of the latter which took place after a 
pregnancy of 21 weeks and 4 days. The birth occurred during the night 
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Fig. 17. Goat 21, 19 weeks 3 days; notation and conditions as in Fig. 7. 
Fig. 18. Goat 22, 20 weeks 4 days; notation and conditions as in Fig. 7. 
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| Fig. 20. 

Fig. 19. Goat 25, and its kid 26 at birth; notation and conditions as in Fig. 7. | 
Fig. 20. Goat 25, and its kid 26, 18 days after birth; notation and conditions as in Fig. 7. 
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and the blood was withdrawn at 10 a.m. next morning so that the exact 
age of the kid in hours from birth is not known. This picture is of interest 
as showing the same general features as those figured by Eastman, 
Geiling and de Lawder [1933] for man, 7.¢. a gap between the maternal 
and foetal curves, the maternal curve definitely to the right of the normal, 
foetal curve not definitely to the left of the normal and both of the normal 
degree of inflection. 7 

_ The curves of goats 25 (mother) and 26 (kid) were determined again 18 
- days later (Fig. 20); by that time they were indistinguishable—though 
both to the right of the normal area, possibly because they were both 
rather ansemic. 

We have had the opportunity of determining the curves of two other 
kids, which were sent to us by Mr T. R. Egerton, the well-known breeder 
of pedigree goats at Rushmere, Ipswich. We would like to take this 
opportunity of thanking him for the very great trouble he has taken in 
diverting his organization from its usual business to that of securing that 
kids born on his farm were in our hands at the earliest possible moment. 
In the case of kid 20 (Fig. 21) the data for the curve were obtained about 
20 hours after birth and before the kid had been fed, while in the case of 
kid 23 (Fig. 22) the curve was obtained on the day after birth, the kid 
having had milk. In both these cases the curve had the adult degree of 
inflection but was slightly to the left of the normal area. Having stated 
the facts something must be said about the mechanism which lies behind 
them. This can be treated very shortly because already, both in the case 
_ of the maternal and foetal bloods, researches in this series have been 
published dealing with the matter not merely in a general way but with 
the actual goats under discussion. There is no element of doubt therefore 
as to the legitimacy of transferring results obtained upon one species or 
even one individual to another, — 

The cause of the shift in the maternal blood is simple; it is due to in- 
creased hydrogen-ion concentration. The pH was calculated from CO, 
dissociation curves by A. B. Keys [1933, 1934], and similar curves from 
which the pH may be calculated are given by Eastman, Geiling and 
de Lawder [1933]. The hydrogen-ion concentration was also measured 
directly with the glass electrode, by Dr R. E. Havard and Mrs S. 
Dickinson. The table on p. 212 is quoted from Keys’ paper [1934]. Thus 
the maternal bloods taken during experiment ranged in pH from 7-22 to 
7-33, whilst controls taken under similar circumstances, after some con- 
siderable period of anwsthesia, were 7-35 and 7-41 respectively. These 
wee agree in general with those of Eastman, Geiling and de Lawder 


4 
Be 
at 
rag 
if 
4a 
Sy 
aa 
ix, 
A 
ih 


Oxygen pressure, mm. Hg 
Fig. 22, 
Fig. 21. Goat 20, 20 hours old; notation and conditions as in Fig. 7. 
Fig. 22. Goat 23, 1 day old; notation and conditions as in Fig. 7. 
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Whilst the divergence from the normal of the dissociation curve in the 
maternal blood is accounted for by change in reaction, that of the foetal 
cannot be so explained. In the cases quoted above the foetal bloods, 


Blood hydrogen-ion concentrations at 37° C. 


pH observed by 
pu Havard and 
Goat No. Blood Ba Dickinson 
ll Maternal 7-26 7-26 
Festal 7-34 7-38 | 
12 Maternal 7-25 
Feetal 7-30 7-31 
14 Maternal 7-23 7-14 
Fetal 7-27 7-30 
16 Maternal 71:33 
| Feetal 3 7-35 7-34 
Control C, Before anzsthesia 7°37 
15 min. after 7-31 
75 min. after 7-35 
Control 13 7-35 
Control Before anzsthesia 7-50 
90 min. after | 


whether estimated by the glass electrode or by the CO, method, fall 
within the pH range 7:27-7:38. Though more alkaline than the maternal 
bloods they are not more alkaline than the normals. Moreover, the 
position of the foetal curve is associated with a greater or less difference 
from the normal in the inflection of the curve. 

The position and shape of the foetal curve are governed by conditions 
other than the hydrogen-ion concentration. The pH indicates greater 
alkalinity in the foetal than the maternal plasma, but the foetal plasma is 
not more alkaline than that of the normal controls. Moreover, a change in 
the hydrogen-ion concentration would not in itself produce the less 
S-shaped type of curve which is portrayed especially before the eighteenth 
week, 

Two researches have been carried out on this subject, by McCarthy 
[1933] and Hall [1934a, 19346] respectively. The former liberated and 
purified the hemoglobin from the animals used in several of the experi- 
ments already quoted. He found that, working with the purified hemo- 
globin, the curves for the maternal pigment were indistinguishable, under 
identical conditions, from those of the controls. Those from the. fcetal 
blood, however, were definitely to the left, over the major portion of the 
curve. The only thing to be added to McCarthy’s published work is 
that, since his paper was written, he has investigated the hemoglobin of 
a kid, which he found to be like that of a normal goat and therefore 
unlike the hemoglobins of the foetuses. 
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_ The general coincidence between data obtained from purified hemo- 
globin by McCarthy and data obtained from blood by ourselves is well 
shown in Fig. 23. In Fig. 23(a) we give MeCarthy’s points for goat 12 
(16 weeks 1 day) as accurately as we can read them from curves 2 and 3, 
Fig. 1 of his paper, together with our curves for the blood of the same 
goat, while the points for goat 14 (18 weeks), taken from his curves 4 and 
5, are similarly shown in comparison with ours in Fig. 23(b). 

100 100 


0 20 40 60 80 0 20 40 60 80 
(a) Oxygen pressure, mm. Hg (b) } 
ies 23. (a), goat 12; (b), goat 14. o McCarthy maternal h globin, pH 6-8; o McCarthy 
foetal 


hemoglobin, pH 6-8; x foetal blood CO,=50 mm.; e maternal blood CO,= 
40 mm. 


The dissociation curves proper to the hemoglobins of the mother and 
foetus respectively have also been investigated by Hall [1933, 1934a, 
19346] by the method which he recently described. The investigation, 
unlike that of McCarthy, was on dilute solutions and by spectroscopic 
methods, but the result was essentially the same, namely that the foetal 
curve was to the left of the maternal and on the whole less inflected, 
though not actually hyperbolic. Hall [1934c] has also found differences 
between the hemoglobins of the embryo chick and its mother similar to 
those which he observed between the foetal and maternal —_ 
in goats and rabbits. 

SUMMARY AND CONCLUSIONS. 

1. The problem of foetal respiration is that of an organism growing in 
mass, at a much greater rate than the machinery for its supply. 

2. Oxygen dissociation curves are given for the blood of the mother 
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and the footus, making a complete series from about the tenth week till 

birth. | 

3, ‘The curve of the mother moves to “the right” of the normal, that 
of the foetus being for the most part to the left. 

4, The maximum divergence is about the eighteenth to nineteenth — 
week, after which the curves draw together. : 

5, The movement on the part of the curve of the mother is due to 

increased hydrogen-ion concentration. 

6. The foetus contains hemoglobin, the properties of which differ 
from that of the mother. It gives a less inflected curve, as well as one 
which is situated “to the left” of the normal. 

7. So is explained the gap between the maternal and foetal dissocia- 
tion curves noted by other observers [Haselhorst and Stromberger, 
1930; Anselmino and Hoffmann, 1931; Eastman, Geiling and de 
Lawder, 1933]. 


We should like to thank Mr G. 8. Adair for valuable help given from time to time. 
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THE UTILIZATION OF OXYGEN BY THE UTERUS 
IN THE RABBIT. 3 


By J. BARCROFT, L. B. FLEXNER, W. HERKEL, 
E. F. McCARTHY anp T. McCLURKIN. 


(From the Physiological Laboratory, Cambridge.) 
(Received August 15, 1934.) 


THE present paper contains an account of work done chiefly to clear up — 
some points left over from the research of Barcroft, Herkel and 
Hill [1933]. It was there pointed out that the venous blood which came 
from the uterus of the rabbit tended to become darker in colour as 
pregnancy proceeded, the cause being the greater increase in the demand 
by the growing embryos for oxygen than in the supply of blood. 

Though it is well known from the researches of Hammond [1927] 
and others that the foetus, towards the end of pregnancy, grows at a 
greater rate than the placenta, it may be worth while definitely expressing 
the relationship. Fig. 1 shows this relation for the rabbits which formed 
the subject of the present work. The data from which it is drawn out are 
shown in Table I. We may endeavour to distinguish between the foetal 
placenta and the whole placenta. In those of the earlier foetuses it is 
impossible, later it becomes easier. So far as it can be done, the relation 
between the foetal weight and the weight of the foetal placenta is shown 
in Fig. 2, and the data from which Fig. 2 is compiled are set out in 
Table II, 


POSsIBLE EFFECTS OF THE NERVOUS SYSTEM. 
The preparation used by Barcroft, Herkel and Hill was one in 
which the vessels in the region of the bifurcation of the vena cava had 


all been dissected out and cleaned, In doing this it seemed likely that the 
nervous supply to the uterus from the hypogastric region had been 
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Weight of embryos expressed as a percentage of we 


12 13 14:15 16 17 18 19 20 21 22 23 24 25 2% 27 2% 29 3 31 32 
| Foetal age (days) : 
Fig. 1. Weight of embryos expressed as a percentage of the weight of the placenta > 
throughout pregnancy. | 
I. Rabbits. 
Wt. of 
footus as Weight of uterus (g.) 
ctuses No, cetuses ta wt. pregnan 
No.  indays foetuses g. g. placenta side side 
302 13 6 1-5 1-7 88 R. 16-2 4-2 
330 16 4 2-57 — R. 75 4-5 
343 16 5 2°8 4-6 61 L, 22-5 5-0 
309 17 3 3-0 4-0 75 L, 22-5 4-0 
310 18 4 56 3-6 156 L. 12-7 6-2 
36 75 6-4 | 
350 23 3 26-5 11-9 223 L. 13-5 — 65 
301 24 4 44-0 22:5 196 R, 22-0 13-0 
324 25 6 37°5 25°5 148 L, 24-0 5-0 > 
340 26 6 99-5 23-8 414 L. 30-5 25-8 | 
314 27 6 155-5 40-0 388 R. 26-0 70 
338 28 4 137-0 20-5 L. 28-4 5-0 
303 29 9 279-0* — — R. 51-0 14-0 
304 30 5 139-0 23-2 600 R. 19-5 8-5 
306 30 5 228-5 28-5 800 R. 30°5 75 
337 31 7 330-0 41-0 805 R. 39-6 13-0 
347 32 6 229-5 26-5 867 L, 44:5 9-0 


* Weight of foetuses with placenta. > 
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damaged or abolished. It might be that if the nervous system were 
intact the blood flow through the uterus would be different from that 
shown in the experiments of Barcroft, Herkel and Hill. If so, the 


composition of the venous blood coming from the uterus would be 
changed correspondingly. 


1500 
= 1400 
1200} 

1100 1A? 
1000 / 
Z 

800 
700 
600 
200 
WA 
200 
10 Wf 12 13 144 15 16 17 18 19 2 21 22 23 24 25 2% 27 2 2 3 3)! 
Days 
Fig. 2. Weight of embryos expressed as a percentage of the weight of the foetal portion of 
” the placenta throughout pregnancy. 
II. 
Wt. of foetal ‘ogat wt. 
Serial No. cetal age placenta cetuses il 
of rabbit days g. (P) g. (F) P* - 
20 11 1-45 0-15 10 
3 15 5-0 5:7 112 
13 15 7-2 3°3 45 
16 15 8-8 3°5 40 
22 20 12 17-5 146 
6 22 14 42 300 
5 23 18-6 72 390 
8 23-3 110 472 
7 25 23-3 168 720 
9 26 16 128 791 
15 28 15 174 1170 
14 29 20-5 237 1150 
23 30 22-5 337 1500 
29 30 
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To test this possibility we have experimented in the following way. 
The ovary on one side was excised, usually about a week before the doe 
was given to the buck. When a stock of such pregnant rabbits had been 
accumulated they were operated upon at various stages of pregnancy. 
The operation was the same on both sides and was as follows. A skin 
incision was made over the femoral vein, Poupart’s ligament was re- 
moved and the vein and the artery were tied just above the position of 
the ligament. The needle of a hypodermic syringe was inserted into the 
vein and the orifice placed just underneath the point at which the uterine - 
vein opens into it. There was the necessary amount of oxalate in the 
syringe. Blood then was withdrawn from the vein very slowly so as to 
avoid a back flow from the vena cava. In this way it was considered — 
that blood from the uterine veins would be obtained in a state of purity 
sufficient to reveal any important effect due to innervation. Arterial 
blood for comparison was taken from the carotid artery. The anesthetic 
used was dial. 

In rabbits, the serial numbers of which are between 300 a 325 
inclusive, an effort was made to secure a more constant number of 
foetuses than nature achieves. On the 10th-12th day of pregnancy the 
uterus was opened and if it contained more than six embryos the excess 
was removed. Those taken were always the ones nearest the ovary. We 
rarely achieved our ideal. Usually when the time came for the ultimate 
experiment it was found that the uterus contained fewer than six em- 
bryos. In the majority of cases there were four or five live embryos, the 
ones which aborted and were reabsorbed being those nearest to the 
incision in the uterus. But some cases were less satisfactory, and when 
the final experiment took place the uterus was either empty or the 
_ foetuses were semi-fluid masses of material apparently undergoing auto- 
lysis. Such experiments though they failed of their purpose had, as will 
be seen later, a certain value as controls, for in them the uterus on the 
pregnant side was fully developed and in some cases distended. It was 
possible, therefore, to obtain approximately the uterine conditions of 
pregnancy apart from the existence of live footuses. 

Fig. 36 shows a number of points indicated by dots and crosses 
respectively. The dots are points determined either by Barcroft, 
Herkel and Hill and shown in their paper, or subsequently by Herkel 
or Barcro ft, but in every case the Fallopian tubes were tied, the vagina 
had been cut away and the important vessels so completely cleaned as to 
make it probable that the uterus and its contents were deprived of direct 
nervous influence. The crosses are experiments of the present series. It 
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is Clear from the general run of the figures that there is no material 
difference between the two series; this at least is so during the last half of 
the pregnancy. The immediate conclusions appear to be: 

(1) That the nervous system does not exert any strong action on the 
blood vessels of the pregnant side during the later part of pregnancy. 


Days 
100 6 10 2 14 16 24 28 2 


Pereentage saturation 


os 8 BB S 


(a) 


Percentage saturation 


ots 8 88 


a 


(b) Days 
Fig. 3. Percentage saturation of blood emerging from the uterine veins during pregnancy : 


(a) non-pregnant side, (b) pregnant side. Ordinate, percentage saturation with oxygen; 
abscissa, days of foetal life, or after the double line, days after giving birth. 


This is not to say that the blood vessels are devoid of nervous supply. 
Such would seem to be disproved by experiments which we have carried 
out during the later stages of ey in which the blood flow through 
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the uterus has been cut down by the intravenous injection of adrenaline. 
These must form part of a separate research. Here we merely wish to 
point out that vessels appear to be relaxed, so far as nervous control is 
concerned. 

(2) That the preparation used by Barcroft, Herkel and Hill gives 
a true picture of the blood coming from the uterus in the rabbit. The 
gradual drop in the saturation of the venous blood is correctly portrayed. 
It is doubtless the necessary result of the progressive growth of footal 
tissue in an environment which gives no increased facilities for the supply 
of oxygen. 

(3) That in the earlier stages of pregnancy there is a definite hyper- 
emia on the pregnant side, the emerging blood being perhaps 90 p.c. 
saturated. 

The first of the above conclusions is confirmed by an experiment 
(Rabbit No. 347, foetal age 32 days) in which the blood from the iliac 
vessel of the pregnant side was withdrawn as described in this paper and 
analysed. It was found to be 27-4p.c. saturated with oxygen. The 
bladder, vagina and rectum were then removed, the nerves were de- 
stroyed and blood was withdrawn and analysis showed it to be 35-5 p.c. 
saturated. The percentage saturations were both very low and not greatly 
different. 


COMPARISON BETWEEN PREGNANT AND NON-PREGNANT SIDES. 


On the non-pregnant side the percentage saturation of the blood re- 
mains remarkably steady until just before the birth of the foetuses. From 
the 18th day onwards to the thirtieth, just at the time that the satura- 
tion on the pregnant side drops most markedly that of the other side 
remains in the region of 60-7 &p. c. Just before the act of parturition the 
single experiment indicates a ides drop the significance of which awaits 
further investigation. Two possibilities, however, suggest themselves, 
which separately or together might effect the alteration: 

(1) That the non-pregnant side, together with the pregnant side, 
shows a higher degree of muscular activity associated with the nrene 
parturition. 

(2) That the rate of flow of blood through the uterus is cut down by 


nervous or hormone action. Of course there is no placental factor on this 
side. 
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THE EFFECT OF PARTURITION. 


After parturition the picture changes dramatically. Thus within 
24 hours of the birth of young the blood emerging from the lately preg- 
nant horn of the uterus may be quite red, having a saturation of over 
70 p.c., whilst on the side not lately pregnant the saturation returns to 
about its old level between 60 and 70 p.c. 


SuMMARY. 


A method is described for obtaining blood from the uterine veins in 
the pregnant rabbit (ovariectomized on one side) without the damage to 
the nerve supply of the uterus which had probably occurred in an earlier 
series of experiments. 

During the later part of pregnancy the percentage saturation of this 
blood with oxygen was found to be similar to that in the earlier series of 
experiments. 

From the 18th day of pregnancy to the 30th the saturation of the 
venous blood from the non-pregnant horn of the uterus remained steady 
at about 65 p.c., whereas that from the pregnant horn fell progressively. 
From below 30 p.c. before parturition the saturation of the blood from 
the pregnant horn had risen to over 70 p.c. within 24 hours after — 
parturition. 

Data are given relating the foetal weight to that of (1) the whole 
placenta and (2) the foetal placenta at different times during pregnancy. 
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HAMOGLOBIN FUNCTION IN THE 
DEVELOPING CHICK. 


By F. G. HALL. 
(From the Zoological Laboratories, Duke University, and the 
Physiological Laboratories, Cambridge University.) 
(Received September 17, 1934.) 


Tue function of hemoglobin during development of animals has recently 
engaged the attention of several investigators. Barcroft [1933] has 


carried on extensive experiments with goats and Eastman, Geiling — 


and de Lawder [1933] have reported analyses on blood of the human 
foetus. Both of these investigations made use of whole blood in the 
study of the respiratory function. McCarthy [1933] and Hall [19345] 


have studied purified hemoglobin solutions prepared from the blood of 


goats and rabbits during development. All investigations indicate that 
during development of a mammalian foetus the respiratory function of 
blood is to some extent unlike that of the mother. Therefore, it was 
thought that a study of the respiratory function in the developing chick 
might yield some interesting results, especially since the chick embryo is 
not directly influenced by maternal conditions except by preformed 
material within the egg. 
METHODS. 

The procedure followed in this investigation was similar to that 
described in a previous paper [Hall, 19344]. Manipulation of tonometers 
and calculation of gas pressures were carried out precisely as there 
described, with the exception of devising a means of retaining tonometers 
in the bath during equilibration and their subsequent reading with the 
spectroscope. 

Eggs from pure bred white leghorn fowls were incubated in an electric 
incubator under carefully controlled temperature and humidity con- 
ditions. The incubator was well ventilated and the eggs were “turned” 
twice daily. Twenty-four hours after hatching the young chicks were 
transferred to a temperature controlled brooder and were fed on a 
standard ration until they were several weeks old. A 90 p.c. hatch was 
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obtained, and there was every indication that the chicks were of a 
vigorous stock. | 
Embryos were bled, beginning with the ninth day of incubation. 
One c.c. of blood was drawn into a hypodermic syringe which contained 
about 2¢c.c. of distilled water. No anticoagulant was necessary when 
blood was diluted in this manner. From the ninth to the eighteenth day 
blood was obtained from the vitelline artery, and from the eighteenth 
day onward directly from the aorta. It was found necessary to pool 
samples of blood from four or five embryos in order to obtain enough 
blood for a complete dissociation curve. There seemed to be no objection 
to this since the individual variation was so slight. No chicks were bled 
twice. Diluted blood from the syringe was ejected into a centrifuge tube, 
and the volume brought up to5 c.c. in order to insure complete hemolysis. 
After centrifuging for 4 or 5 min. the supernatant hemoglobin solution 
was pipetted into a 50 c.c. flask. The flask was filled to the 5 c.c. mark 
with phosphate buffer (1/15.M/) solution of the appropriate hydrogen-ion 
concentration. The hemoglobin solution was then ready for equilibration. 
Five c.c. of hemoglobin solution were transferred to a tonometer and 
equilibrated at 37-0° C. for a period of 10 min. A fresh sample was used 
for each point on a curve. Tests were made for the presence of methemo- 
globin on each sample, but no appreciable quantity was found. 


REsULTs. 


Forty-one dissociations were made using blood from about one 
hundred chicks. The curves were constructed according to the formula: 


y=100 


y = percentage saturation; x=partial pressure of oxygen. 

Six typical curves obtained, at pH’s of 7:38 and 6-80 respectively, 
from blood of chicks at various ages are shown in Figs. 1 and 2. It was 
thought inadvisable to show all of the complete curves in this manner. 
It will be noted, however, that there has been a general shift to the right — 
in the position of the curves with the age of the chicks. Perhaps a simpler 
and more explicit manner of illustrating the change in position of the 
curves is to determine from each curve the pressure of oxygen required 
to half saturate the hemoglobin solution, and plot this for chicks of 
different ages. Thus the results of all curves are summarized in Fig. 3. 

It appears that in chicks from the tenth day of incubation up to 
3 weeks after hatching the affinity of hemoglobin for oxygen gradually 
decreases. After chicks are a month old very little change occurs. | 
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DISCUSSION. 


When one seeks to find an explanation of the progressive change’ in 
the affinity of hemoglobin for oxygen in the developing chick two 


30 


DAYS 


32 DAYS 


10 


20 
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Oxygen pressure, mm. Hg 


70 80 


Fig. 1. Comparison of oxygen dissociation curves of hemoglobin from chicks during 
development, at pH 6-80. Age of chicks expressed as from the onset of incubation. 
possibilities appear. (1) That there is some gradual change in the 
character of the hemoglobin molecule which somehow or other affects 


its ability to combine with oxygen. This would not seem an entirely 
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unreasonable suggestion in view of the complexity with which hemo- 
globin takes on and gives off oxygen. (2) That there are at least two 
distinct forms of hemoglobin in blood of the chick each with its specific 


P.c. saturation with oxygen 


| | 

4 


Oxygen pressure, mm, Hg 
Fig. 2. Comparison of oxygen dissociation curves of hemoglobin from chicks during 


development, at pH 7:38. Age expressed as from the onset of incubation. 


affinity for oxygen. Thus the position of any dissociation curve made on - 
blood containing a mixture of hemoglobins would lie between curves 


obtained from two pure and distinct forms. The exact 
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curve would depend upon the ratio of the number of molecules of one 
form to the other. This would seem to be the more plausible hypothesis, 
especially in the light of other investigations such as Brinkman [1934] 
and McCarthy [1933] and a discussion by Barcroft [1934]. It is well 
known that hemoglobin is not produced by the same organs in the 
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Fig. 3. Curves to show decreased affinity of hemoglobin for oxygen during chick develop- 
ment. The points represent the partial pressure of oxygen required to half saturate 


of incubation. 


embryo as it is in the mature animal. Thus it seems logical, from the 
evidence obtained in this investigation, that the hemoglobin having the 
greater oxygen affinity is produced earlier in development, and is 
gradually replaced by hemoglobin having lesser affinity for oxygen and 
produced later. 

It has been shown [Barcroft, 1934] that in the goat there are three 
principal factors which facilitate the transfer of oxygen from the maternal 


hemoglobin obtained from chicks at different ages. Age expressed as from the onset 
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blood to the footus, the proliferation of maternal vessels in the placenta, 
an increased hydrogen-ion concentration in the maternal blood, and a 
dissociation curve of foetal blood distinctly to the left of that of maternal 
blood. The explanation of the latter point seems to be twofold: (1) a shift 
in the hydrogen-ion concentration is mostly responsible for the shift in 
the dissociation curve of maternal blood, (2) foetal and maternal hemo-— 
globin seem to have dissimilar affinities for oxygen. McCarthy [1933] 
by gasometric methods has shown this to be true in the case of the 
goat, and Hall [19346] by spectroscopic methods has shown it to be true 
in the goat and rabbit. 

In the incubating egg the embryo obtains its oxygen from the 
atmosphere directly, but it must first pass through the shell which is 
not easily permeable to gases. It must then diffuse through the liquid 
medium surrounding the embryo. The very rapid and extensive formation 
of blood vessels greatly facilitates the transportation of gases to and 


from the embryo. The partial pressure of oxygen in the egg at the time 


of laying is apparently the same as in the atmosphere. In infertile eggs 
it remains so for some time, but in fertile eggs as soon as development 
begins the partial pressure of oxygen is lowered and that in the air 
space is only a little more than half that of the atmosphere [Needham, 
1931]. One would presume that the partial pressure in the egg mass 
surrounding the blood vessels would be even lower because it is apparent 
that the embryo consumes oxygen faster than the latter can diffuse 
through the egg shell, except at a rather steep gradient. A definite loss 
of both organic and inorganic matter makes the shell more permeable 
to gases, partially compensating for the increased “es consumption 
of the embryo during development. 

It would appear then that when the oxygen tension in the environ- 
ment of the developing chick is low a hemoglobin is supplied with a 
greater affinity for oxygen, but that after hatching, when chicks become 
true air breathing forms, a hemoglobin is produced, with lesser affinity 
for oxygen, and replaces the former. 


SUMMARY. 


1. Hemoglobin obtained from the chick embryo showed a greater 
affinity for oxygen than did that obtained from the mature fowl. 

2. There is a progressive change in the oxygen affinity of 
hemoglobin in chicks during 
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3. It is suggested that there are at least two distinct forms of 
hemoglobin in the blood of the chick, one formed early in incubation 
which is replaced by another during early development. 

4, The properties of each type of hemoglobin would seem to be 
suited to the specific oxygen needs of the organism at the time of its 


production. 
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THE DEVELOPMENT OF BLOOD- 
PRESSURE REFLEXES. 


: By G. A. CLARK. 
(From the Physiological Laboratory, Sheffield University.) 
(Received October 1, 1934.) 


THE external environment of the foetus in utero is kept constant by the 
adequacy of the maternal circulation, which in turn is controlled as to 
composition, quantity and temperature of the blood by the combined 
activity of all the elaborate adaptive mechanisms by which the adult 
mammal compensates for changes in its own surroundings; the milieu 
intérieur of the mother is the external environment of the foetus. The 
functional activity of such adaptive mechanism as may be developed in 


the foetus therefore is not normally called into play in utero. There seemed | 


to be a possible exception to this rule, however, in the case of the factors 
controlling blood-pressure level, because it was shown in an earlier paper 
that with every uterine contraction a disturbance of footal circulation 
occurred [Clark, 1932]. This disturbance showed a characteristic 
sequence of changes, the intensity of which appeared to diminish with 
increasing age of the foetus; at the beginning of a uterine contraction 
there was a slight rise in foetal blood-pressure, soon giving way to a fall 
which lasted as long as the contraction and was accompanied by slowing 
of the foetal heart. It was at first thought that the lowering of foetal 


pressure seen under the conditions of experiment, ¢.e. with the fotus _ 


outside the uterus, was a reflex phenomenon and that its function was to 
counteract the hydrostatic pressure to which the foetus would be exposed 
in utero during a contraction. Subsequently it was evident that the foetal 
pressure changes occurred when both vagus and carotid sinus reflexes 
had been eliminated, and that the fall in pressure could be brought about 
by obstructing the umbilical vessels; the cause appeared to lie in the 
mechanical effect of cutting off the placental circulation. The fact that 


foetal blood-pressure changes do take place led to an investigation of the 


functional cavelopment of factors controlling blood-pressure. 
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The methods used were those previously described [Clark, 1932]. 
The pregnant animal (cat or dog) was anesthetized with chloralose, the 
uterus opened by a small incision, a fostus withdrawn, wrapped in cotton 
wool and laid on a warm bottle. Maternal and fotal blood-pressures 
were recorded from the carotid artery in each case by a mercury mano- 
meter. 
In the course of the investigation it was occasionally observed, 
especially towards the end of an experiment, that the change in foetal 
pressure produced by contraction of the uterus did not follow the se- 
quence described above, but consisted of a pure rise which was greater 
and lasted longer than the initial transient rise already mentioned ; more- 
over there was no subsequent fall below the initial level. It was found 
that this anomalous response occurred only when the umbilical arteries 
were obliterated while one or both veins remained patent. The umbilical 
vessels, particularly the arteries, readily constrict if stimulated mechani- 
cally, and remain constricted for a long time and so strongly that no 
blood flows. The reduction in the arterial field, due to closure of the 
- umbilical arteries, led to a considerable rise in pressure when blood was 
expressed by a uterine contraction from the placenta into the foetus 
through the veins. When the arteries were patent, however, the excess 
blood could be accommodated in the umbilical arteries and their branches 
so that when the blood flow through the placenta was diminished during 
uterine contraction the decreased flow to foetus from placenta actually 
resulted in a fall in pressure. A comparison of the abnormal response in 
Fig. 1 with the normal response A in Fig. 2 illustrates this. It will also 
be seen from Fig. 2 that the foetal blood-pressure responds to a uterine 
contraction by a pure rise during the course of increased pressure caused 
by giving “‘Pitressixi” intravenously in the foetus; here too, the arterial 
field is constricted, while presumably blood can be expressed from pla- 
centa to foetus by way of the umbilical veins. In this case 0-02 c.c. of 
“Pitressin” diluted 1 in 10 was given into the jugular vein just as the 
foetal pressure had fallen during a uterine contraction; it will be seen 
that, as the effect of the pituitary extract passes off, the foetal pressure 
response to uterine contractions increases, but it was not till 40 min. 
after giving “ Pitressin” that the normal response similar to that shown 
at A, Fig. 2, was restored. 
The part played by nervous reflexes in regulating blood-pressure in 
the foetus appears to be negligible because both vagi may be cut and the 
carotid sinus reflexes eliminated by clamping one carotid (a cannula 
being in the other) without any detectable change in blood-pressure level. 
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Fig. 1. Cat. Chloralose. Upper record: maternal bisod-préseure. Lower record: fostal 
j blood-pressure. Umbilical arteries occluded. Vertical lines mark onset of uterine 
3 contractions. 


Fig. 2. Cat. Chloralose. Upper record: maternal blood-pressure. Lower record: fetal 
blood-pressure. Normal foetal response to uterine contraction at A. At f 0-02c.c. 
“ Pitressin” diluted 1 in 10into foetal ext. jugular vein. A,,A,,A;, uterine contractions. 
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The fact that in the later stage of intrauterine life (within 10 days of 
full term) asphyxia causes a rise in foetal pressure indicates that vaso- 
constrictor impulses can be evoked at the centre (Clark, 1932]. More- 
over, stimulation of the peripheral end of either vagus will slow the heart 


Fig. 3. Cat. Chioralose. Upper record: maternal blood-pressure. Lower record: foetal + 
blood-pressure. S, stimulation peripheral end left vagus. S,, S,,, stimulation central 3 

* 
Fig. 4. Kitten 11 days. Chloralose, 8) stimulation central end left vagus. 


and lower blood-pressure in the foetus (Fig. 3), This sensitivity of the 
peripheral vagus is established long before stimulation of the centralend | 
of the vagus will produce a fall in blood-pressure or slowing of the heart; 
indeed the latter reflex has not been seen in the foetus, nor in the kitten 
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at 2, 3 or 9 days after birth, but occurred in a kitten 11 days old. In all 
these cases slowing of the heart and a fall in blood-pressure readily 
occurred with stimulation of the peripheral vagus. In the 11-day-old 
kitten the reflex fall in pressure was accompanied by inhibition of re- 
spitation which contributed in some degree to the fall (Fig. 4). Puppies 
appear to develop the vagus-depressor reflex earlier than kittens, and it 
has been clearly observed in 6-day-old puppies, in which both vagi had 
been cut and the animal artificially ventilated to avoid respiratory inter- 
ference with the reflex (Fig. 5). It will be seen too that cutting the vagi 
in a 6-day-old puppy results in a definite rise in blood-pressure and a 
slowing of respiration (Fig. 5, A); these changes have not been clearly 
observed in younger puppies, although at 4 days in one case there was a 
rise in blood-pressure on cutting the vagi. 


Fig. 5. Puppy 6 days. Chloralose. Blood-pressure. A. } R, right vagus cut; +L, left 
vagus cut. B. S, stimulation central end left vagus under artificial respiration. 


Fig. 6 indicates the results obtained by clamping the left carotid artery 
while the blood-pressure was recorded from the right, thus eliminating 
carotid sinus reflexes in puppies 2, 4 and 6 days old. It is doubtful 
whether the slight rise in pressure at 2 days can be interpreted as in- 
dicating functional activity of the carotid sinus nerves, although such 
activity appears definite at 6 days. 


A feature of blood-pressure reactions in the foetus which points to 


lack of adaptive mechanisms is the slow recovery from abnormal levels, 
except where the latter have been produced by changes in actual volume ~ 
of circulating blood in the foetus, as during a uterine contraction. It has 
already been shown that the rise in pressure caused by adrenaline appears 
to be relatively more prolonged than in the adult (Clark, 1932], and the 
short duration of the rise in adult animals can readily be shown to be 
due to 'the intervention of cardio-aortic and carotid sinus reflexes rather 
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than to rapid destruction of adrenaline. Then again the increased pressure 
caused by “‘Pitressin” shown in Fig. 2 lasted for 35 min., while stimu- 
lation of the peripheral vagus has a prolonged after effect on the heart 


Fig. 6. Chloralose anesthesia. Blood-pressure. A, Puppy 2 days. B, Puppy 4 days. 
C, Puppy 6 days. In each case the line marked C indicates duration of clamping 


carotid artery. 
» 

4 

i 


Fig. 7. Cat. Chloralose. Upper record: maternal blood-pressure, Lower record: foetal | 
blood-pressure. At each vertical line 0-001 mg. acetylcholine into fostal jugular vein. | 


(Fig. 3); in one case, stimulation for 20 sec. causing a fall in blood-pressure 
from 30 to 20 mm. Hg., complete recovery only occurred after 5 min. | 
Prolonged vagal after effect may be interpreted not only as indicating 
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the absence of compensating nervous reflexes, but perhaps also as pointing 
to a deficient power of destroying the chemical mediator acetylcholine. 
This view is borne out by the results of injecting minute amounts of 
acetylcholine into the foetus; Fig. 7 shows the effect of four consecutive 
doses of 0-001 mg. acetylcholine given into the external jugular vein of 


a cat foetus. In each case, following the depression of blood-pressure, 


there is a definite rise which appears to be more prolonged with each 
injection; this type of response in the adult is only seen after the para- 
sympathetic endings have been paralysed by atropine [Dale, 1914]. In 
the foetus the vaso-pressor effect appears to be more intense than the 
depressor, but in the 3-day-old kitten a simple fall in blood-pressure 
followed the intravenous injection of 0-001 mg. of acetylcholine. 

In the case of pressor reflexes a definite rise in pressure has been seen 
in the 3-day-old kitten as a result of pinching the skin of the leg, and in 
the 4-day-old puppy electrical stimulation of the external popliteal nerve 
produces an appreciable rise in blood-pressure, which seems to suggest 
that pressor reflexes are — earlier than depressor both in the 
cat and dog. 


SUMMARY AND CONCLUSIONS. 


The functional activity of vasomotor reflexes does not appear to be 
developed in the cat or dog till after birth, and changes in foetal blood- 
pressure occur with each uterine contraction; it is suggested that at the 
height of a contraction: some degree of obstruction is in the 
placental circulation. 

Stimulation of the peripheral end of the vagus in the foetus within 
10 days of full term slows the heart and lowers blood-pressure. 

Cardio-aortic and carotid sinus reflexes appear to be developed in 
puppies 4-6 days after birth and in kittens about the 11th day. 

Pressor reflexes are developed earlier and have been seen 3-4 days — 
after birth in both cats and dogs. 


The expenses of this work were defrayed by a grant from the Medical Research Council. 
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THE FATE OF CAROTENE INJECTED INTO 
THE CIRCULATION OF THE RAT. 


By J. C. DRUMMOND anp R. J. MACWALTER. 


(From the Department of Physiology, Pharmacology and Biochemistry, 
University College, London.) 


(Received October 4, 1934.) 


Tue following results were obtained during an investigation having as 
its main objective the determination of the amount of vitamin A formed 
in the liver from the various isomers of carotene, although this was not 
achieved for reasons which will be apparent later. 

It has been claimed that the three natural isomers of carotene, a, B 
and y, possess respectively the relative values 1, 2, 1 as sources of 
vitamin A in the animal organism; a claim which can be correlated in 
@ very interesting manner with the accepted views regarding the mole- 
cular structure of the compounds concerned [Kuhn, Brockmann, 
Scheunert and Schieblich, 1933]. : 

Attractive as this hypothesis may appear it cannot we think be un- 
reservedly accepted in view of the errors associated with feeding tests 
such as those which formed the basis of the claims, and of our own 
experience with them for such a purpose. It being our view that many 
of the irregular results in the feeding tests are due to differences in the 
extent to which carotene is absorbed from the intestinal tract, an attempt 
was made to eliminate this source of error. 

It has been shown [Drummond, Gilding and Macwalter, 1934] 
that carotene introduced directly into the circulation in the form of 
aqueous colloidal suspensions is rapidly removed from the blood stream 
by the Kupffer cells of the liver. It was proposed, therefore, to study — 
the fate of the isomeric forms of carotene after administration in this 
manner; the only reservation being that in so doing one could not 
necessarily assume that this mode of administration reproduced the 
conditions obtaining when carotene is absorbed from the aumentary . 
tract in the normal manner. 

Actually, our knowledge of the physical condition of carotene oc- 
curring normally in the blood, tissue fluids and organs of the body, is 
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very meagre. On the fact that the pigment cannot always be extracted 
by direct treatment with solvents such as ether, Palmer [1915, 1922] 
has based the view that it may be present in the form of a complex with 
proteins (carotoalbumins). The force of this argument has been weakened 
by van der Bergh and Miller [1920] having demonstrated that similar 
behaviour may be shown by simple aqueous colloidal suspensions of 
carotene, an observation we have ourselves repeatedly confirmed. The 
suggestion that carotene may be absorbed from the intestine in the form 
of a water-soluble, diffusible complex with bile acids has been advanced 
by Drummond [1932-3], Euler and Klussmann [1933], and recently 
by Greaves and Schmidt [1934], whose experiments on rats appear 
to show that the absorption of B-carotene from the intestine is, to a large 
extent, dependent on the presence of bile acids. A complex of this 
nature can readily be prepared by fusing carotene with an excess of 
desoxycholic acid [Euler and Klussmann, 1933], or, as E.R.Smith © 
has discovered in our laboratory, by heating under reflux an excess of 
carotene with a solution of desoxycholic acid in dilute aqueous sodium 
carbonate?. 

We are also able to confirm the observation that the solutions of the 
complex contain carotene in a form more protected against oxidation 
than when it is in simple solution in the usual fat solvents. 

The general plan of the experiments was as follows. Young adult rats 
depleted of vitamin A were to have injected into the portal circulation 
carotene in the form of an aqueous colloidal suspension. After a short 
interval, during which practically all the pigment would be abstracted 
from the circulation by the liver, a lobe of the liver would be removed 
and the incision in the abdomen closed. After a suitable lapse of time 
the remainder of the liver would be removed for comparative analyses. 

It was first necessary, however, to ascertain whether under normal 
conditions vitamin A is uniformly distributed in the liver of the rat and 
to determine whether a substance abstracted from the circulation by the 
Kupffer cells of the liver, as carotene is known to be under such con- 
ditions, is deposited uniformly in the organ. 

EXPERIMENTAL. 
(1) Method. (a) Analytical. Liver samples were immediately freed as 


far as possible from blood and desiccated by grinding with anhydrous 
sodium sulphate. The dried material was then rapidly extracted by 


1 Unpublished work. The nature of this complex is being further investigated in this 
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cyclohexane in a continuous extractor and the solvent removed to the 
required extent in a current of nitrogen. Total “fat” was estimated by 
weighing the solvent-free extract; vitamin A by the use of the Hilger 
“Vitameter A,”’ in a few of the earlier experiments by the SbCl, reaction ; 
and carotene by colorimetric comparison against potassium dichromate 
solution in a Hellige colorimeter, employing a blue glass filter to increase 
the accuracy of the comparisons. 

(b) Operative. The rats were placed under ether anesthesia and a 
medial incision of about 1 in. made in the abdominal wall. The injection 
of the colloidal carotene solution was usually made directly into the 
portal vein, a very fine needle being used to lessen the risk of hemor- 
rhage. The solution usually contained approximately 0-05 p.c. and was 
prepared by pouring slowly a hot saturated solution of carotene in 
acetone into the requisite amount of isotonic glucose solution heated in 
a water bath and agitated by a rapid stream of nitrogen gas. This modifi- 
cation of the procedure of Fodor and Schoenfeld [1931] enables one 
rapidly to prepare relatively strong carotene suspensions which are suffi- 
ciently stable to be sterilized by boiling. 

About 3 min. after injection of the carotene a lobe was tied off and 
removed. In practically every case recovery was satisfactory. 

An examination of Table I having given us reasonable assurance that 
it should be possible to detect the formation of vitamin A from carotene, 
provided sufficient was administered, it was necessary to ascertain 
whether after injection the pigment would be evenly deposited in the 
liver. Table II gives the amounts of carotene found in the three main 
lobes of rat livers from 3 to 10 min. after the injection of a colloidal 
suspension of the pigment directly into the circulation. The rats em- 
ployed for this test had been kept for 9 or 10 weeks on a lipochrome- 
free diet, and control estimations showed that only a negligible 
amount of yellow fat-soluble pigment was present in the liver before 
the infusion. 

As the results showed that the distribution of carotene was reasonably 
uniform a series of experiments was made in order to follow the forma- 
tion of vitamin A from injected f-carotene. 

On the assumption that the carotene retained by the liver was quanti- 
tatively converted into vitamin A, and that the initial reserve of 
vitamin A did not exceed the value represented by E/g.=10, an initial 
concentration of 3-2 mg./100 g. would produce an increase of vitamin A 
concentration of the order of 50 p.c., an increase far larger than the 
variations that might be encountered between the respective lobes. 
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Tastx I. Distribution of fat and vitamin A in lobes of rat liver. 
A. =anterior lobe, P.R. = posterior right, P.L. = posterior left lobe. 
A. Far. 
(i) Healthy rats previously fed for 9 months on adequate diets 
containing 2-8 p.c. cod-liver oil. | 
A. 5-51 5-70 5-05 5-60 5°57 563 493 65-82 
P.R. 527 505 519 575 581 548 496 495 5-83 
P.L. 5-36 550 5-19 5-20, 600 5-47 510 479 610 
(ii) Rats deprived of vitamin A for varying periods of from 5 to 12 weeks. 
A. 380 4-34 4-21 336 4-32 5-21 4-16 
P:R. 412 4-98 4-52 364 488 #514 3-82 
PL. 3-97 526 4-41 384 418 313 
B. Vrramin A. 
(i) Healthy rats. 
(a) me Values represent blue units per g. of liver, 
A. 1630 947 903 1570 


P.R. 1675 914 £847 1540 
P.L. 1617 882 825 1460 


(6) Estimations by “ Vitameter A.” 
The numbers given represent extinction coefficient (Z) at 3280 A. at such a 
concentration that 1 g. of liver is contained in 1 c.c. of extract. 
e A. 88-3 66-8 81-4 125 51-3 48-3 68-5 
3 P.R. 87-6 68-7 84-4 110 46-8 59-4 79-1 
P.L. 82-8 70-9 71-0 118 46-1 53-1 72-2 
oe (ii) Vitamin A-deficient rats. 
< (a) Estimations by SbCl, reaction. 
A. 329 220 622 473 
P.R. 300 209 643 409 
P.L. 302 212 715 422 
(6) Estimations by “Vitameter A.” 
A. 7-18 17-0 7-40 5-90 5-38 6-4 


2-38 
; PR. 939 214 204 750 520 580 63 
+ PL. 723 182 2-82 — 670 560 67 


| TasxE II. Carotene in mg. per 100 g. of liver. 
A Bog A. 5-48 1-42 5-09 1-67 3-2 4-0 


5-97 1-11 3°93 1-50 3°7 4-0 


-L. 6-03 1-30 3°87 1-75 4-0 3°7 


It will be seen from Table III that in every case except Exp. 2 they 
complied with the above minimal requirements. Even in Exp. 2 a similar 
increase might be expected, although the initial concentration of vitamin 
r _ in the liver was rather high. 

The results were not a little disturbing; for whereas the one column 
appears to show a disappearance of the injected carotene from the liver, 
the other not only fails to demonstrate a significant increase in vitamin A 
but actually in several cases records a substantial loss of this substance. 
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Time Tassie ITI. 
between 
injection Carotene 
and final mg./g. liver 
No. days Initial §§ Final Change 
2116 1 0-032 0-037 +0-0065 
0-040 
28 2 - 0-064 0-035 ~ 0-027 
0-039 
27 3 0-040 0-040 —0-0015 
0-037 
2101 4 0-046 0-024 - 0-021 
0-026 
2089 5 0-040 0-025 -— 0-015 
0-024 
1979 5 0-069 0-051 -0-016 
2081 5 0-022 0-019 — 0-002 
0-020 


Vitamin A 
E/g. liver 
Initial Final Change 
1106 - 511 
5-90 
20-7 12-0 - 8-6 
| 122 
5-9 570 + 0-31 
6-73 
907 &B ~2:17 
8-0 
97 1106 +018 
8-9 
108 7-4 ~ 2-25 
5-9 
63 
of this 


Repetition of the experiment having provided confirmation 
curious observation it was clearly imperative that the influence of the 
operation of partial hepatectomy should be investigated. In these cases 
carotene was not injected, the operation consisting solely of a removal 
of the greater part of one lobe of the liver. The remaining lobes were 
analysed at various periods after the operation. 


Time between 
No. days 

26 
32 1 
35 1 
34 2 
36 
24 4 
25 4 
33 4 
37 4 
4 14 
7 14 


IV. 


Vitamin A 
E/g. liver 
{ Final Change 
12-8 5°35 - 74 
5-45 
14-4 10-0 - 39 
11-0 
21-4 191 — 2-26 
19-0 
10-3 7-0 3-05 
75 
22-0 16-4 - 59 
15-8 
10-0 4-9 5-55 
4-0 
10-0 7-0 3°35 
63 
14-7 10-2 ~ 46 
10-0 
56-8 37-6 - 18-9 
38-2 
53°8 30-6 — 14°55 
27°9 
53-0 22.3 31-05 
21-6 
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In every case (Table IV) the removal of a lobe of the liver apparently 
brought about a reduction in the concentration of vitamin A in the 
residual tissue, the loss amounting in some of the rats to 50 p.c. or even 
more of the vitamin present before the operation. The rapidity with 
which this effect was produced is perhaps the most remarkable feature, 
for we have evidence that prior to the operation the rate of disappearance 
of the reserves of A from the livers of some of the animals, as a result 
of maintenance on an A-deficient diet, was surprisingly slow. This is 
illustrated by the history of the group of rats from which Nos. 4, 7 and 37 
were drawn. These animals had been reared on an adequate diet for 
2 months before being given the A-deficient food mixture. They were, 
therefore, healthy young adults before the restriction was imposed, and 
it is not surprising that for a long time there was no apparent sign of 
impairment of well-being or development; indeed, after 7 months on the 
defective diet but few of these rats showed any clear signs of A deficiency. 
That at this age the stores of vitamin A in the liver are utilized much 
more slowly than in younger animals is generally recognized, but we were 
surprised to learn from a series of random estimations made in September 
that the reserves were not significantly lower than those determined 
3 months earlier (Table V). | 


TaBLE V. Values for E/g. liver. 


June September 
57-1 56-8 
53-8 
53-8 53-0 
63-9 47-2 
53-0 


In striking contrast with this apparently slow rate of utilization there 
stands the remarkably rapid disappearance of as much as 50 p.c. of the 
vitamin stored in the liver when a lobe is removed. : 

So far as we are aware there is only one recorded observation of a 
similar character and there can be little doubt that the two are closely 
related. Best and Huntsman [1932] in studying the curious effect of 
choline in preventing the deposition of fat in the livers of rats fed on — 
certain diets carried out a series of control experiments in which saline 
was administered in exactly the same manner as the choline solution. 

The group which received the saline injections had an average liver 
fatty acid content of 7-4 p.c., whilst the comparable group receiving the 
same diet, but no injections of saline, had the average fatty acid content 
of 15-6 p.c. These authors remarked “...it is apparent that the frequent 
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handling or subcutaneous injection interfered with deposition of liver — 


fat.” 

It would be premature to discuss these observations until much more 
information is available, but it is already clear that another important 
fragment of evidence has been provided in support of the view that the 
“fat metabolism” of the liver is every bit as active an ebb and flow of 
change as is that concerning the carbohydrate cycle. 


SuMMARY. 


1. The distribution of fat and of vitamin A in the three main lobes 
of the rat liver is reasonably uniform. 

2. Carotene injected into the portal circulation of rats in the form 
of aqueous colloidal suspensions is uniformly taken up by the liver lobes. 

3. Carotene taken up in this manner tends to disappear from the 
liver during the next few days. Contrary to expectation this disappear- 
ance was not correlated with the formation of vitamin A, because in 
many of the animals a reduction in the amount of the vitamin also 
occurred after the injection and operation of partial heptectomy. 

4. Experiments’ showed that the removal of one lobe of the liver 
may of itself bring about a substantial fall in the amount of vitamin A 
stored in the residual lobes. 


The expense ofthis investigation were defrayed from grant made by the Modal 
Research Council, which we desire gratefully to acknowledge. 
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THE ORIGIN OF THE WEVER AND BRAY 
PHENOMENON. 


By C. HALLPIKE! ann A. F. RAWDON-SMITH?. 


(From the Ferens Institute of Otology, Middlesex Hospital, 
London, W. 1.) 


(Received October 20, 1934.) 


INTRODUCTION. 


In 1911 there was published by Witmaack [1911] what appears to have 
been the first adequate account of the histological changes resulting in the 
mammalian cochlea from section of the trunk of the VIIIth nerve. 
According to Witmaack the consequence of this operation in the cat was 
the production within a few months of a widespread degeneration of the 
ganglion cells and nerve fibres of the peripheral cochlear neurones distal 
to the point of section. Witmaack’s conclusion that the behaviour of 
the peripheral cochlear neurones under these circumstances displayed a 
striking lack of conformity with the classical laws of Wallerian degenera- 
tion met with some objection in the published discussion of his results; 
Siebenmann [1911] pointing out that the attachment to these results of 
any neural significance was stultified by the vascular disturbance conse- 
quent upon the concomitant section of the internal auditory artery 
inevitably occurring in the operation of nerve section. 

Witmaack defended his views firstly on the technical ground that 
section of the artery was prevented by division of the nerve by pressure 
with a blunt dissector, significant injury to the more resilient blood vessel 
being thus avoided. 

In addition he pointed out that in conformity with the Wallerian 
law the cells and fibres of the peripheral vestibular neurones showed 
comparative absence of degenerative change, a result which, in view of 
the common blood supply to both vestibular and cochlear neurones by 
the internal auditory artery, was not compatible with the view that the 


degenerative changes observed in the case of the latter could properly be ; 


attributed to section of this artery. 


1 Foulerton Student of the Royal Society. 
2 Working with a grant from the Medical Research Council. 
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Since Witmaack’s work further evidence bearing upon the question 


has resulted from observations by Crowe [1929] and Gray [de Kleyn 


and Gray, 1932] upon the histological changes engendered in the internal 
ear by tumours involving the VIIIth nerve. Both report degenerative 


changes disproportionately greater in the cochlear than in the vestibular — 


neurones, findings which support the views of Witmaack. In addition 
the effects of experimental section of the VIIIth nerve have recently 
been more closely studied in the rabbit by Kaida [1931]. As a result of 
a number of such operations carried out in the manner employed by 
Witmaack, Kaida describes two widely differing types of histological 
result. Firstly there may occur gross degeneration of all the neural 
elements and sensory epithelium of the cochlea with collapse of the 
membranes and disappearance of Corti’s organ; the vestibular portion of 
the internal ear exhibiting changes comparable in type and degree. These 
histological findings are correlated by K aida with division of the internal 
auditory artery concomitant with that of the VIIIth nerve. In some 
cases, however, Kaida was able to demonstrate changes more in 
accordance with those described by Witmaack. In these were found 
disappearance of the cells of the spiral ganglion and of the nerve fibres 
within the modiolus. The sensory epithelium and membranes were never- 
theless well preserved. In these cases K aida believed that the integrity 
of the vascular supply had been maintained, a view supported by the fact 
that the fibres of the peripheral vestibular neurones and the cells of 
Scarpa’s ganglion showed little observable change. 

Though Witmaack states that the sensory cells of Corti’s organ may 
show some degeneration, these may, according to Kaida, present an 
appearance indistinguishable from normal. 

The investigations described in the present paper have had a twofold 
objective: Firstly, the confirmation of thé possibility indicated by the 
work of Witmaack and K aida of bringing aboutin the manner described 
by them of a clear-cut degeneration of the neural elements of the cochlea. 
And secondly, the employment of such a preparation in vivo for the ad- 
duction of evidence bearing upon the problem of origin of the Wever 
and Bray phenomenon. 


Part I, 


The histological effects of section of the VIIIth nerve in the cat. 


Technical methods. Under nembutal anesthesia, section of the VIIIth 
nerve was carried out in a number of adult cats. Adequate access to the 
nerve was obtained by opening the skull immediately above the superior 
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occipital crest to one side of the mid-line. Owing to the extreme thinness 
of the dura mater below the tentorium cerebelli no attempt was made to 
effect a clean opening into the subarachnoid space, a fine blunt-ended 
_ dissector being passed blindly into the internal auditory meatus (which 
was found to be readily distinguishable by touch) and the nerve divided. 
The operative mortality of this procedure proved to be negligible, and — 
after early difficulties in the identification by touch of the internal 
auditory meatus it was found possible in nearly all cases to effect a 
satisfactory division of the VIIIth nerve, such success being manifested 
by complete facial paralysis and the classical signs of unilateral labyrinth- 
ine destruction. The signs of acute vestibular disturbance, rolling move- 
ments and nystagmus, passed off within a few days as described by 
Magnus [1924] in the case of the rabbit. The rotated posture of the 
head and facial paralysis were, however, conspicuously persistent in 
all cases. 

The temporal bones of a series of such animals were examined histo- 
logically, the animals being killed at periods varying from 3 days to 
6 months after division of the VIIIth nerve. Fixation was by the method 
of intra vitam injection, and celloidin was employed for embedding. 

The histological preparations obtained in this way showed that in the 
majority of cases an anatomical picture resulted which approximated 
closely to the first class of result obtained by Kaida. There was complete 
disappearance of all nerve elements and sensory epithelium, with collapse 
of the membranes, vestibular and cochlear portions of the internal ear 
being equally involved. In some cases gross necrosis of the entire cochlear 
contents had occurred with the formation of masses of heterotopic new 
bone. These results are typified by the photo-micrograph shown in 
Text-fig. 1. In three of the fifteen cases examined there were, however, 
obtained results of a radically different order, results corresponding 
closely to what Witmaack and Kaida described as exemplifying the 
effect of division of the VIIIth nerve without disturbance of the vascular 
supply, the rods and hair cells of Corti’s organ being well preserved, 
although little remained of the nerve fibres and cells of the spiral gang- 
lion, A marked feature of the sections was the presence of well-preserved 
capillaries containing fresh blood cells. The cells of Scarpa’s ganglion, 
however, showed little alteration in number and appearance, as also the 
epithelium of the macule and criste of the vestibular apparatus and their 
associated nerve fibres. | | | 
Discussion of results. It will be seen that the results described con- 
form with Kaida’s view that it is possible to bring about an isolated 
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degeneration of the neural elements of the cochlea by the operation of 
section of the trunk of the VIIIth nerve. | eke 
In view of the demonstration in such cases of the presence of capillaries 


with normal red cell contents, also of the preservation, relatively un- — 


changed, of the corresponding elements of the peripheral vestibular 
neurones, the explanation given by Siebenmann of the changes pro- 
duced in the cochlear neurones, namely that they are of purely vascular 
origin, cannot be considered altogether adequate. 

An anatomical feature of the trunk of the VIIIth nerve which appears 
worthy of note is the somewhat unusual degree of protrusion into it of 
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Fig. 1. Cochlea of cat 6 months after section of VIIIth nerve and of the internal auditory 
artery. Showing total necrosis of the cochlear contents and the formation of masses 
of heterotopic new bone. { x 20 circa.) 


neuroglial tissue from the brain stem; in practice, the operation of section 
being effected in the region of the neuroglial-neurilemmal junction. It is 
difficult, however, to understand in what way such an anatomical feature 
can be held to account for the facts in connection with the degenerative 
changes found to occur after section, the empirical acceptance of which 
facts must therefore for the present be considered as unavoidable. 

It will be understood that preservation or otherwise of the internal 
auditory artery at the time of nerve section must be determined largely 
by chance factors inevitably associated with an operative procedure of 
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Part II. 


In view of the possibility shown by preliminary investigation of 
obtaining, in the manner. described, preparations exhibiting a histologi- 
cally clear-cut degeneration of the neural elements of the cochlea, it has 
been considered desirable to investigate the electrical responses of the 
cochlea in animals treated in this way. 

This was accordingly carried out in three fully grown cats six months 
after unilateral section of the VIIIth nerve by the — already 
described. 

The method of investigation employed was as follows: 

After decerebration under ether the tympanic cavities were exposed 
and platinum electrodes disposed symmetrically upon the round window 
margins of the two ears. Silver silver-chloride electrodes were also placed 
in position in the auditory tracts of the exposed brain stem. By a suitable 
switch mechanism arrangements were made for leading any one of these 
electrodes to the input grid of an amplifier, and the response of either 
cochlea or corresponding auditory tract was finally recorded, after ampli- 
fication, upon fast moving ciné-bromide, employing a Cossor, Type C, 
cathode ray oscillograph. (For details of the technical methods employed, 
operative and electrical, reference should be made to a previous publica- 
tion [Hallpike and Rawdon-Smith, 1934].) 

Experimental findings. In all three animals the middle and external 
ears were found to be normal. Reflex contractions of the tympanic 
muscles in response to sound stimulation were observed to be brisk upon. 


the unaffected side, and absent upon the side of nerve section. Photo- 


graphic records of the electrical response of the cochlea upon the un- 
affected side and of the corresponding auditory tracts showed responses 
of high amplitude in all three animals investigated. On switching over to 
input leads from the cochlea of the affected side and its corresponding 
auditory tracts, no response could be elicited to any frequency within the 
range 200-6000 ~~, even when employing intensities of sound some 40 
decibels above the level used for the stimulation of the responsive ear 
and an increase of some tenfold of the voltage amplification employed 
(Text-fig. 2). Following the electrical investigation of the tract and 
cochlear responses, intra-vital fixation was carried out, Witmaack’s 
solution at 37° C. being injected into the aorta via an incision in the wall 
of the left ventricle at a pressure of some 60 mm. Hg. A counter opening 
for the return of the injection fluid was made in the right auricle. The 
flow of the fixing solution was continued for 4 min. and was immediately 
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preceded by Ringer’s solution at the same temperature and pressure for 
30sec. The temporal bones were then removed, and after further 
fixation, hardening and decalcification, embedded in celloidin, the wtal 
period of preparation being 6-7 months. 

Histological findings. In two of the three animals electrically investi- 
gated the cochlea on the side of the nerve section was found to be in a 
condition corresponding to the first type of result described by Kaida. 
Total necrosis of the cochlear contents had occurred and the cochlear 


Tract response .Right ear. 


Cochlear response .left ears Ssi2~, 


Fig. 2. Cathode ray oscillograph records. Showing cochlear and tract responses. 512~. 
Records 1 and 3 were taken with active electrodes disposed symmetrically upon the 
round window margins of the right and left ears respectively; without alteration of 
stimulus intensity or amplifier gain. Increase of stimulus intensity (40 decibels) and of 
voltage gain of the amplifier ( x 10) yielded no response from the left cochlea. 


cavities were found to be filled with loose connective tissue interspersed 
with masses of newly formed bone. These preparations were therefore 
deprived of any possible significance in respect of the problem in view and 
will not be further considered. In the third animal, however, the cochlea 
on the affected side presented an appearance corresponding to the second 
type of result described by K aida. The central canal of the modiolus and 
the canal of Rosenthal were occupied chiefly by loose connective tissue 
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and neurilemmal remnants. Medullated fibres were few, and of the 
spiral ganglion only a few scattered and atrophic members could be 
observed. 

In contrast to the neural elements, all other anatomical features of 
the cochlea, the membranes, stria vascularis, rods of Corti and hair cells 
were well preserved and indistinguishable from their counterparts in the 
opposite normal cochlea, in which, however, nerve fibres and ganglion 
cells were present in normal numbers and preservation. 

Regarding the depression of the membrane of Reissner to be seen in 
some of the cochlear whorls (Plate I, fig. 2) the degree of deviation is 
within the limits normally imposed by the technical difficulties in con- 
nection with the process of preparation, in spite of the use of gas-free 
solutions; and it is not considered possible to attach to this deviation any 
pathological significance. 

Conclusions derived from the experimental results. The stsabinibetel 
data provided show the electrical response to be absent in a cochlea in 
which the only morphologically distinguishable departure from normal 
was a gross deficiency in the neural elements. As stated in a previous 
publication [Hallpike, 1934] it is logical to describe these findings as 
constituting evidence which, with due regard to the limitations of mor- 
phology, appears to suggest that the neural theory of — of the Wever 
and Bray excoopemgn cannot yet be discarded. 


4 


DIscussion. 


The experimental results described invite comment chiefly in respect 
of their relation to other published observations 3 upon the possible sources 
of origin of the: Wever and Bray phenomenon. 

It will be recalled that following the advancement by Wever and 
Bray [1930a] of the view that the potential changes should be regarded 
as true action potentials generated in the fibres of the auditory nerve, 
Adrian pointed out [1931 a] in objection to this view that the potential 
changes were not confined to the auditory nerve but spread diffusely 
about the temporal bone. Moreover, injection of acetic acid into the 
nerve was without effect in causing their cessation. _ 

In these two fundamental respects, therefore, it has since been agreed 
that the Wever and Bray effect fails to accord with the characteristics 
of an action potential. 

Davis and Saul [1932] later succeeded in demonstrating in the brain 
stem potential changes which, while reproducing the frequency of a 
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stimulating sound, were characterized by strict localization to the © 


auditory tracts and by reversible deletion by anesthetics. 

In a later paper [Davis et al. 1934] the results of measurements made 
on the latency of response of thé tract potentials have been published, 
the figure given being some 2c. Although the view of Davis and Saul 
that the tract potentials should be regarded as true auditory action 
potentials must be considered well substantiated by the experimental 
evidence adduced by these observers, opinion has continued to oppose the 
neural hypothesis of origin of the cochlear effect, chiefly in view of its 
diffuse distribution and its resistance to anesthesia. Additional evidence 
which has been considered to contra-indicate the neural theory of origin 
of the cochlear effect has also been provided by the observations of Davis 
and his collaborators [1934] upon: 

(a) The latent period of the cochlear effect, the gare arrived at being 
approximately 

(6) The absence of any quantal characteristics exhibited by the 
continuously variable amplitude of the cochlear effect in response to 
changes in intensity of the stimulating sound. 


Of the various experimental findings generally considered to weigh 


against the neural theory of origin of the cochlear response, the most 
important is that which concerns its diffuse distribution. It should be 
noted that diffused potential changes around any set of active neural 
elements in the body do not ordinarily permit of experimental assessment 
owing to the unfavourable electrical conditions, i.e. the conducting 
nature of the surrounding tissues, any pair of recording electrodes in 
the neighbourhood being effectively short-circuited. 

That such conditions do not obtain in the cochlea is clearly visualized 
by Adrian [1931 6], who suggests that the intracochlear generators of 


the potentials in question are insulated from the surrounding tissues by _ 


the bony cochlear wall. It seems likely that any source of potential 
change so insulated would give rise to an electrical disturbance spreading 
diffusely va localized low-resistance pathways such as the round window, 
and equally so whether such a source were neural or non-neural. Thus 
supposing the potential changes to be the response of the cochlear nerve 
endings then the auditory nerve at any point distal to the brain stem 
would be the seat of a dual electrical disturbance; firstly, true action 
potentials passing along it at the rate of the normally conducted nervous 
impulse with a relatively high latent period, and secondly, the spread of 
the same potential changes in the cochlear nerve endings employing the 
nerve Now as @ me conductor; the latent period being very low and the 
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speed of conduction that of an electric current, the effect rapidly 

on passing beyond a point where insulation by the bony cochlear w 
is effective in preventing loss from short-circuiting. Thus, granting the 
insulating action of the bony cochlear wall it is difficult to regard the 
diffused distribution of the cochlear effect as radically opposing the pos- 
sibility of its neural origin. 

Reaction of the cochlea effect to anesthesia. The marked reaction of the 
potential changes in the auditory tracts to anesthesia evoke agreement 
with Davis and Saul in regarding these as true action potentials. That 
there should, however, be a conspicuous difference in reaction to 
anesthesia between action potentials in the mid-brain and potentials 
arising in the terminal fibres of the cochlear nerve cannot be regarded as 
wholly surprising in view of the presence of synaptic junctions between 
these points. The relatively insignificant effect upon the cochlear response 
of ansesthesia up to the point of circulatory failure may be no more than 
the expression of the difference in sensitivity to blood-borne narcotic 
substances between synaptic junctions and nerve fibres, death of the 
animal due to junctional involvement supervening before the attainment 
in the blood of a concentration level sufficient to affect terminal nerve 
fibres... 

The latent period of the cochlear response. Although the period 0-lo 


found by their measurements to elapse between the arrival at the tympanic 


membrane of the head of a short train of sound waves and the initiation 
of the cochlear response is tentatively ascribed by Davis and his co- | 
workers to lag in transmission by the ossicular chain, it is difficult to 
share their disinclination to attribute any of this period to true latency 
of the cochlear effect. Though the true latent period of the cochlear effect 
may have a value even less than 0-1 ¢, this, accepting the neural view of its 
origin, would make necessary the attribution to the terminal fibres of the 
cochlear nerve exceptional, but not, it is thought, inconceivable cha- 
racteristics in respect of latency. 

The absence of quantal characteristics exhibited by the cochlear effect in 
respect of intensity variations. It seems worthy of note that the terminal 
network of the cochlear nerve endings have an anatomical constitution 
differing significantly from such structures as nerve bundles in which 
quantal characteristics have been classically demonstrated. In these 
structures nerve elements are relatively few and as anatomical entities 
better defined. The density of a neural network as found in the terminal 
ramifications of the cochlear nerve makes it likely that even at low 
intensities of stimulation considerable numbers of neural elements are in- 
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volved. Any physiologically effective increase in intensity of the stimulus 
would involve fresh nerve elements whose numerical ratio to the sum 
total of those already in operation would be so small that the resulting 
step in amplitude of the total response would be beyond the resolving 
power of available means of experimental assessment. In addition, if the 
existence of an extra-neural tuning mechanism, direct evidence of which 
[Hallpike and Rawdon-Smith, 1934] has recently been adduced, be © 
accepted, it seems worthy of note that such a mechanism would operate 
in the direction of bringing into play in response to intensity increases a 
smoothly increasing number of units of the finely subdivided network of 
the cochlear nerve endings. 

Regarding possible sources of a non-neural character of the cochlear 
effect, suggestions which have been advanced include: 

(a) The membrane hypothesis [Hallpike and Rawdon-Smith, 
1934] whereby the potential changes are conceived as being engendered 
by movements of polarized membranes, e.g. that of Reissner or the 
tectorial membrane; though the evidence of such polarization cannot be 
regarded as more than circumstantial. This hypothesis is not supported 
by the results of the present investigation in view of the absence of coch- 
lear response with normal morphology of the membranes in question and 
of the stria vascularis, to whose secretory activity was attributed the 
maintenance of polarization of the membrane of Reissner. 

(b) The sensory cell hypothesis put forward by Davis and his colla- 
borators [Davis et al. 1934]. This hypothesis regards the potential changes 
as being engendered by mechanical deformation of the sensory cells of 
Corti’s organ. The use of the term sensory cell in this sense is not free from 
ambiguity. It is possible to take the view that a sensory cell can only be 
so considered in respect of its normally associated nerve-ending complex. 
Thus a “sensory cell response” might well be supposed to include 
potential changes engendered by the nerve-ending complex, and so be 
said to have a neural origin. That no such neural significance is attached 
by Davis and his co-workers to their use of the term “sensory cell 
response” is indicated by their further hypothesis that to this response 
is to be attributed the initiation of the action potentials in the nerve- 
ending complex itself. Thus they clearly accept the possibility of the 
cells of Corti’s organ giving rise to the potential changes in question in the 
absence of such nerve-ending complexes. 

This belief is not supported by the results of the present besadlGiation 
in view of the failure of the cochlear response in the presence of morpho- 
= normal sensory cells with absence only of neural name | 
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SuMMARY. 
The histological changes in the internal ear resulting from intracranial 
section of the VIIIth nerve in the cat are described. — 

The results support the views of Witmaack and of Kaida that it is 
possible by means of this procedure to bring about in some cases an isolated 
degeneration of the neural elements of the cochlea, with preservation of 
the vascular supply, in spite of the fact that the point of section is central 
to the spiral ganglion. 

The electrical responses of the cochlea and auditory tracts were found 
to be absent in a series of cats, six months after section of the correspond- 
ing VILIth nerve, and in one of them, histological examination revealed 
the presence of such an isolated degeneration of the neural elements. 

Since the structure of the cochlea seemed otherwise unchanged, this 
finding provides evidence which, though of a purely morphological 
character, apparently supports the neural view of origin of the Wever 
and Bray phenomenon. Some of the arguments against this view are 
examined and thought to be inconclusive. 


ADDENDUM. 


At the time of going to press, Guttman and Barrera! have pub- 
lished results of experiments of a similar type in which section of the 
VIIIth nerve was carried out in a number of cats. Degeneration of the 
neural elements of the cochlea ensued as described by Wittmaack. It is 
stated that in some cases the internal auditory artery was cut at the 


_ operation of nerve section and in other cases not. Nevertheless, in all 


cases following this operation and at intervals after it of 10 days to 
6 weeks, the cochlear response was found to have undergone no significant 
reduction. It is the common experience that the immediate results of 
section of the VIIIth nerve with concomitant section of the internal 
auditory artery is a rapid fall of the cochlear response to the post- 
mortem level?. 

Rapid and considerable decrease of the cochlear response resulting 
from section of the internal auditory artery with the VIIIth nerve appears 
therefore to be a well-attested fact. It would appear, further, that such 
abolition must be ascribed to changes in the cochlea which are in effect 
the early stages of the massive necrosis of the cochlear contents, a later 


1 Amer. J. Physiol. 1934, 109, 704. 

* Vide Wever, E. G. and Bray, C. W. (1930), J. exp. Psychol. 13, 5. Davis, H., 
Derbyshire, A. J., Lurie, M. H. and Saul, L. J. (1934), Amer. J. Physiol. 107, 316. 
Hallpike, C. 8. and Rawdon-Smith, A. F. (1934), J. Physiol. 81, 401. 
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stage of which is represented in Text-fig. 1. It is difficult to envisage any 
stage in the development of these necrotic changes in which, as seems 
indicated by the results of Guttman and Barrera, the cochlear response 
could be restored to its original level. The histological changes found in 
the cochles of some of the animals dealt with in Part I of this paper come 


within the period mentioned by Guttman and Barrera (10 days to 


6 weeks after the operation of section of the VIIIth nerve and of the 
~ internal auditory artery). These changes, though stopping short of the 
formation of masses of new bone, show, nevertheless, a degree of cochlear 
disorganization which does not appear compatible with the possibility of 
a normal electrical response. 
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EXPLANATION OF PLATES. 


Prats I. 


Fig. 1. Right cochlea. Normal. The glial il ] — in the trunk of the 
- nerve is shown. ( x 30 circa.) 
Fig. 2. Left cochlea, Side of nerve section. Showing site of section, The canal of the 
modiolus contains neurilemmal remnants with monneennd medullated fibres. ( x 30 
circa.) 


II. 


Fig. 1. Right cochlea. Ductus cochlearis and spiral ganglion. Normal. ( x 75 circa.) 

Fig. 2. Left cochlea. Side of nerve section. Showing absence of cells of the spiral 

_ ganglion. Numerous blood containing capillaries are present. Organ of Corti and 

stria vascularis normal. ( x 75 circa.) 

Fig. 3. Right cochlea. Organ of Corti. Normal. ( x 250 circa.) 

Fig. 4. Left cochlea. Side of nerve section. Showing absence of nerve fibrils crossing the 
_ tunnel of Corti and of medullated fibres in the osseous spiral lamina. Hair cells, rods 

of Corti, and tectoria] membrane normal, ( x 250 
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THE EFFECT OF CHOLINE ON THE LIVER FAT 
OF RATS IN VARIOUS STATES OF NUTRITION. 


By C. H. BEST anp M. ELINOR HUNTSMAN. 
(Department of Physiology, University of Toronto.) 
(Received June 23, 1934.) 


In previous communications from this department and from the School 
of Hygiene, the effect of choline in preventing the deposition of fat in the 
liver of the white rat has been discussed. In this paper the action of 
choline in accelerating the removal of fat from the livers of these animals 
will be reported. Choline is found to be effective in curing as well as 
preventing the condition in white rats, as it does in the diabetic dog 
[Best, Ferguson and Hershey, 1933]. Not only does the fat dis- 
appear from the liver but there is definite improvement in the histological 
appearance of the liver cells [Best and MacLean, 1934]. The significance 
of the presence of choline, or of substances with similar action on liver 
fat, in feeding experiments with rats, will be made clear. 


METHODS. 


The white rats were of the Wistar strain which we have used pre- 
viously, and were supplied from the Connaught Laboratories’ colony. The 
fatty livers were produced by feeding the stock diet of mixed grains to 
which beef fat had been added. This diet was the same as that used in 
previous experiments. The choline and the casein free from vitamins and 
from fat were obtained from the British Drug Houses. In the absence of 
sufficient amounts of a more satisfactory choline-free carbohydrate, com- 
mercial sucrose was used. The vitamin A, B, and D preparations were 
provided by Ayerst, McKenna and Harrison, Ltd. The total choline 
estimations were made by acetylation of the choline after acid hydrolysis 
of the mixture containing it and comparison of the acetylcholine with 
standard acetylcholine, using the isolated intestine of the rabbit. Liver 
and body fat was estimated by the saponification procedure. The iodine 


~>~~~numbers were determined by.the Rosenmund-Kuhnhenn method. 
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RESULTS. 

Curative experiment with continued feeding of grain diet and fat. Thirty 
rats were placed upon the diet rich in fat. After 21 days the livers were 
obtained from ten, and the average fat content was 15-2 p.c. The remain- 
ing twenty were allowed to remain on the same diet, but ten of these 
received in addition 70 mg. of choline daily. At the end of a further 3 
weeks the liver fat of the animals which had received choline had fallen to 
5-3 p.c., while the livers of those that had not were as fatty (15-4 p.c.) as 
those obtained 3 weeks before. These results are summarized in Table I. 


Tanz I. Fat diet. Stock diet plus fat (fat 40 p.c. of total food). 
Length of Ay, change Fat eaten Fatty acids Iodine 
wt. 


No. of daily of liver No. 
rats (days) (g.) (g-) (p.c.) 
10 21 -22 2-5 15-2 
10 42 — 25 2-3 15-4 96 
*10 42 ~24 2-3 5-3 119 


* 70 mg. choline were given daily during the last 21 days of this experiment. 


Choline therefore is effective in removing the fat from fatty livers in 


spite of the continuance of the fatty diet just as it is in preventing its 
accumulation in normal livers. The results also suggest that a maximal 
deposition of fat has occurred when the rats have ingested the grain diet 
and beef-fat ration for 3 weeks. 

Curative experiment without added fat. Ninety rats were fed on the 
40 p.c. beef fat diet for 35 days. That their livers were fatty was indicated 
by analyses made on ten animals. The remaining eighty were placed on 
the mixed grain diet without added fat and half of them were given 
choline. In the previous experiment the diet contained 40 p.c. of fat; 
the grain diet contained less than 1 p.c.;.so the condition of the liver was 
not likely to be aggravated. While the curves in Fig. 1 suggest that the 
loss in liver fat is more rapid in animals receiving added choline (this is 
particularly noticeable at the twelfth day) it is significant that the animals 
fed on grain with no choline added also lost fat from their livers. To 
decide whether this was due to the small amount of choline which we 
know to be present in the grain, to the low fat-content of the diet, or to 


the low caloric intake obtaining in this experiment, we tried first of all 


the effects of diets containing no choline, or very small amounts. — 

The choline content of our stock diet of mixed grains, as determined 
by biological assay, is 106 mg./100 g. in this experiment, therefore each 
rat got about 10 mg. daily. Other substances which exert a similar effect 
on liver fat may be present in the grain diet. Betaine is effective [Best 
and Huntsman, 1932]. Betaines are widely distributed among plants 
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Fatty acids of liver (p.c.) . 


Time (days) 
Fig. 1. Stock diet plus fat (40 p.c. of total food) for 35 days. o 4 Grain diet; 
¢ a grain diet plus 75 mg. choline daily. 


Note: One result of 33-6 p.c. fatty acids in the control group at 0 days has been omitted. 
17—2 
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and also occur in animal tissues, so this substance and perhaps others as 
yet unrecognized must be considered. 

Curative experiments with a sucrose diet (choline-free). Rosenfeld 
[1932] has stated that a diet rich in carbohydrate prevents the develop- 
ment of fatty livers produced by fat feeding or by the action of certain 
poisons. Partly for this reason, but more particularly because sucrose 
contains no demonstrable amount of choline, we tried the effect of a 
sucrose diet; other carbohydrates which we would have preferred contain 
too much choline. Fatty livers were produced in rats as in the previous 
experiments, and the animals were then given nothing but sucrose; each 
animal ate about 10 g. daily. Half of them were given in addition 75 mg. 
of choline daily. The result (Fig. 2) was not expected. The fat in the liver 
increased, in some animals more than others; but this effect was clear and 
was confirmed in a second similar experiment (Fig. 3) in which the rats 
ate somewhat less. The falling off of the curve after the sixth day in this 
second experiment is not necessarily significant, as it is attributable 
entirely to three low values obtained on the ninth and twelfth days. If, as 
seems likely, the liver fat has been drawn from the depdts the increase 
could not have continued much longer, as the reserve fat of the body was 
being rapidly depleted. The rats were getting only 40 calories daily in the 
first experiment, somewhat less in the second, and were losing weight 
steadily, The rate at which in the second experiment they were losing fat 
is shown in Fig. 4, which shows also, however, that the reserves were not 
exhausted. 

This rapid rise in liver fat is not only prevented be choline, but its 
amount is reduced to within normal limits in 12 days (Fig. 2) or even 
more promptly (Fig. 3). In the first of these experiments the average 
weight of the livers of the animals which received no choline was, on the 
twelfth day of the experiment, about 9 g. with 2-25 g. of fat, and of those 
that received choline was about 6 g. with 0-32 g. of fat. This is the most 
dramatic and easily demonstrable effect of choline on liver fat which we 
have encountered. While it brings to light no new feature of the action of 
choline, it may be useful in investigating it. Microphotographs of the 

liver containing 21-3 p.c. of fat from a rat which had no choline, and of a 
liver containing 3-3 p.c. from one that had choline are shown in Fig. 5. 
These amounts of fat are actually the average values found on the twelfth 
day in the two series respectively. In the former, in addition to the fatty 
infiltration, there are signs of degeneration in the liver parenchyma, 
which are not seen in the latter, italy that one also cannot be re- 
garded as perfectly normal. 
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Fig. 2. Stock diet plus fat (fat 40 p.c. of total food) for 21 days. o Cane sugar; 


e cane sugar plus 75 mg. choline daily. 


» 
fa’ 
° 
30 
° 
8 
> 
° 
28 
° ¥ 
. 
° ° 
° ° 
26 
8 
° 
2 © 
° 
° 
° 4 
° 
| | 
° 
14 
° 
° 
* 
10 
* 
8 
‘ 
a 
6 
© 
4 
i 
2 
13 
x 
a 
on 
x 


260 OC. H. BEST AND M. ELINOR HUNTSMAN. 
32 
° 
30+ 
26f 
° 
a ° ° 
9 
° 
22+ 


fo) 


re 


Fatty acids of liver (p.c.) 
| 


Time (days) 


Fig. 3. Stock diet plus fat (fat 40 p.c. of total food) for 24 days. o Cane sugar; 
e cane sugar plus 50 mg. choline daily. 
Note: One result of 37-7 p.c., sugar only, on the sixth day has been omitted. 
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Fig. 4. Stock diet plus fat (fat 40 p.c. of total food) for 24 days. o Cane sugar; 
| e cane sugar plus 50 mg. choline daily. 
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Fig. 5. Rat liver—haematoxylin and cosin x 700, Rats in both groups received the 
stock grain diet plus fat (fat 40 p.c. of total food) for 24 days and then an exclusively 
carbohydrate ration (sucrose) for 13 days. During this latter period one half of the 
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This observation that feeding with sucrose will cause a further accu- 
mulation of fat in livers which are already loaded with fat is new and 
suggests that it was the choline present in the grain diet used in other 
experiments which caused the fat to leave the liver when the 40 p.c. of fat 
added to that diet was omitted. 3 

Normal rats on a carbohydrate diet. This observation suggested also 
that normal rats on a similar diet might exhibit an accumulation of liver 
fat. That this is so, and that it is prevented by giving choline is shown in 
Fig. 6, where the iodine numbers of the liver fats are also given. The rate 
of weight loss was rapid whether choline was given or not. 

In short-term experiments such as these the absence of vitamins may 
not be important, but it is possible that the animals would eat more food 
if these were supplied. No signs of vitamin deficiency were observed, 
though all the animals were undernourished. The normal rats ate 7-9 g. of 
sugar daily; those with fatty livers 10-0 g. in the first, 7-0 g. in the second 
experiment. 

Curative experiment with a casein and sucrose diet. This experiment was 
similar to the preceding one, but after the livers had become fatty all the 
animals were placed on a diet consisting of 20 p.c. casein and 80 p.c. 
sugar, Each animal received not more than 0-2 mg. choline and 6 mg. 
ether-soluble material daily. The results are shown in Fig. 7. The livers of 
animals which received no additional choline lost no fat, those of animals 
which had 75 mg. daily lost fat rapidly. This diet also was deficient in 
many respects, but the animals were previously well fed and had it for 
only 12 days. The caloric intake was low and there was a moderate loss of 
body weight. The body fat content fell on the average from 13-6 to 5-7 
p.c., a8 judged by analyses made on five animals from each group. Depét 
fat was being rapidly mobilized, as in the experiments in which the diet 
consisted only of cane sugar. It has been found by Mottram [1909] and 
by Dible [1932, 1934] that in starvation when the fat reserves are rapidly 
drawn upon, appreciable amounts of fat may accumulate in the liver. 


Our own unpublished work shows that in starvation fat deposition may be 


prevented by giving appropriate amounts of choline. 

It should be noted that with this diet the amount of fat in the liver did 
not increase as it did when sucrose alone was given, though it did not 
diminish as on the grain diet, which as we have said gave the rats 10 mg. 
of choline daily. Whether this was due to the fraction of a mg. of choline 
which the diet provided daily cannot be decided until experiments to 
determine the minimum effective dose of choline which are now in 
progress are finished. That it is small is shown later in this paper. It may 
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Fig. 6. Normal rats.o 4 Cane sugar; «4 cane sugar plus 75 mg, choline daily. 
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Fig. 7. Stock diet plus fat (fat 40 p.c. of total food) for 21 days. o 4 20 p.c. casein and 
80 p.c. cane sugar; ea 20 p.c. casein, 80 p.c. cane sugar plus 75 mg, choline daily. 
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be too that the casein provided by its metabolism betaines in effective 
amount; though if that is so it is curious that the metabolism of the 
proteins of the body should not. | | 
Cufative experiment with a more complete diet very low in choline 
(<0-2 mg.). Thirty rats were given the mixed grain and 40 p.c. beef 
dripping diet for 26 days. Livers were obtained from half of them for 
analysis and contained 13-2 p.c. of fat. The other half were put on the diet 


Tastz II. Daily ration of diet low in choline. 


based on analyses 
on 
of 1 g. quantities 
Composition 
1-5 g. casein 
20 g, protein { white 63 
0-5 g. fat (beef dripping) 3 
12-0 g. sucrose 0 
0-2 c.c. vitamin B, concentrate (Peters’ method) 44 
0-01 mg. vitamin A and D concentrate 0 


Total food = 14-7 g. (60-5 calories). Total choline 1:25 
A vitamin E concentrate very low in choline was also available but was not used in this 
short experiment. McoCollum’s salt mixture was supplied in some of the 


(Table IT) and were all killed on the 12th day by which time, as we have 
shown, the curative effect of choline is manifest. The livers contained not 
less but slightly more fat than the controls (Table III). For comparison 


Taz III. Stock diet plus fat (fat 40 p.c. of total food) 
for 27 days. Low choline diet for 12 days. 


Rat (cal. per in acids of of liver Iodine 
No. day) wt. (g.) liver (g.) (p.c.) 0. 
1 25:3 9 1-493 79-0 
2 31-6 - 3 1-361 17:2 79-2 
3 24-2 -18 0-270 5-5 107°5 
4 38-3 + 0-843 12-3 
5 36-4 - 3 1-056 12-6 80-7 
6 41-5 - 3 0-739 11-0 82-0 
7 41-7 0 0-881 12-0 82-0 
s 31-2 -ll 1-896 - 22-2 88-9 
10 33-7 - 8 1-572 20°7 781 
ll 32-5 +4 1-488 19-6 72-0 
12 31-2 -17 1-310 15-7 108-5 
13 34:5 - 2-153 82-2 
14 42-8 -16 2-478 27-2 84-0 
15 40:7 -31 1-288 20-2 95-9 
Average 34-7 82 1-345 17-0 85-8 


with these results those given in Table IV are from rats which had the 
same diet but in addition 5 mg. of choline. They show that 5 mg. of 
choline daily is an effective dose and that the choline content of the grain 
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Tanz IV, Stock diet plus fat (fat 40 p.c. of total food) for 27 days. 
Low choline diet plus 5 mg. choline daily for 12 days. | 


Food intake — Total fatty ee, acids 

Rat (cal. per in acids of of liver Todine 
No. day) wt. (g.) liver (g.) (p.c.) No. 

$l 28-4 - 1 0-248 4:45 85-0 
32 30-6 -~ 4 0-959 1600 68-2 
33 38:1 + 8 0-265 3-90 89-5 
35 26-4 -14 2-271 25-8 79-0 
36 36-3 - 2 0-269 3-92 90-8 
37 36-2 -13 0-201 3-35 86-1 
38 29-1 - 4 0-206 3-53 

39 32-2 - & 0-205 3-67 86-2 
40 29°5 - 8 0-246 4-20 70-7 
41 31-9 - 6 0-198 3-22 84-1 
42 35-2 -~ 2 0-235 3-96 69-5 
43 34-0 +4 0-253 3-18 87-0 
44 39-8 - 7 0-355 4-79 74-0 
45 34-0 -15 0-216 3-53 81-1 
Average 33-0 - 50 0-438 6-25 80-0 


- diet was the chief factor effective in reducing the amount of liver fat in 


the rats to which Fig. 1 refers. The only two high values observed in this 
series (Table IV) were from livers which to the naked eye obviously 
contained more fat than the rest, some parts being extremely fatty 
though others were comparatively free from fat. We suggest that the 
fatty changes in parts of these livers had, before choline was supplied, 
proceeded so far that they could not then be affected. Possibly the 
choline could not reach these particular parts of the liver. This pheno- 
menon, which has been observed repeatedly in curative experiments, 
demands histological investigation. 

The effect of low caloric intake on the disappearance of fat from the liver. 
In another experiment after the period on the beef fat the animals were 
given only the equivalent of 30 calories, half the amount given to those 
reported in Table III; but unfortunately the latter did not eat more than 
the equivalent of 35 calories on an average, some of them less than others 
on the lower ration. However, if we select five animals from each experi- 
ment the average daily caloric intake of one group (from Table IIT) is 
41-0, and of the other groyp 25-6 calories. The composition of the diet was 
the same in the two cases. The figures (Table V) do not prove that there is 
any definite effect due to the different caloric intakes but favour the view 
that a lower intake produces a decreased rate of deposition of fat. An 
extensive investigation of the effect of caloric intake on the disappearance 
of liver fat has been planned, but it appears unlikely that moderate _ 
undernutrition will prove a very important factor. The effects of this” 
variable are apparently overshadowed by the action of choline at the 
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Taste V. Stock diet plus fat (fat 40 p.c. of total food) 
for 27 days. Low choline diet for 12 days. 


Food intake Total fatty — acids 

Rat (cal, Wt. of acids of of liver 
No. day rat (g.) liver (g.) (p.c.) 
17 24-3 140 1-156 16-4 
19 24-8 134 0-631 10-2 
20 25-9 164 0-725 11-5 
28 27°5 157 0-755 8-3 
29 25:4 181 0-820 10-5 
Average 25-6 155 0-817 11-4 
4 38-3 141 0-843 12-3 
6 41°5 148 0-739 11-0 
7 41-7 161 0-881 12-0 
14 42-8 165 2-478 27-2 
15 40-7 167 1-288 20-2 
Average 41-0 156 1-246 16-5 


levels of caloric intake which we have thus far studied. Complete star- 
vation, however, presents a different picture, and very low caloric in- 
takes might give somewhat similar results. 

Effect of starvation on the disappearance of fat from the liver. Seventy 
rats were fed on the diet rich in fat as before. Livers were obtained from 
ten for analysis and the remainder were fasted. One-half of the animals 
received 75 mg. of choline dissolved in 20 c.c. of drinking water. Addi- 
tional water was supplied when that containing the choline had been con- 
sumed. The other half received water freely. The results, which are shown 
in Fig. 8, indicate that there is no increase in the fat content of fatty livers 
after 48 hours of fasting, at which time there is usually a well-marked 
infiltration of fat in the livers of fasted normal animals. Instead there is an 
abrupt decrease in fat content which proceeds to a very low level. There 
is no definite indication that this reduction in liver fat is hastened by 
choline, although the figures obtained on the fourth day suggest to us that 
this may prove to be the case. Body fat estimations on the same animals 
indicate that the decrease in fat content of the liver and of the rest of the 
body run a parallel course. The results of this experiment obviously show 
that the ingestion of choline is not essential for the disappearance of fat 
from the liver. Further starvation experiments in which the animals 
have at the beginning of the fast different levels of body and of liver fat 
will answer some of the questions which these results raise. 

Comparison of effects of two diets both containing 40 p.c. fat. In another 
experiment two groups of rats with fatty livers (fifteen in each group) 
were allowed to remain on a diet rich in fat. One group continued to 
receive the grain diet while in the other the diet low in choline was sub- 
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Fig. 8. Stock diet plus fat (fat 40 p.c. of total food) for 21 days. o o Starvation; 
e a starvation plus approximately 75 mg. choline daily. 
Note: One iodine value of 183, 7th day, in the group receiving choline has been omitted. 
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stituted for the grain. At the end of 12 days the liver fats wébe determined 

(Table V1). | 
Evidently (Table V1) the choline, or some substance like it present in 

the grain diet, was preventing further deposition of fat. With the diet low 


Taste VI. Stock diet plus fat (fat 40 p.c: of total food) 
for 27 days. Diet indicated for 12 days. 


Food intake Total fatty acids : 
No. of (cal, per Changein acids of Iodine 


Diet rats day) wt. (g.) liver (g.) (p.c.) No. 
15 1-00 13-2 83-3 
Low choline diet 14 42-2 -1 1-93 21+1 73-2 
with added fat 
(40 p.c.) 
Grain diet with 14 46-2 -1 0-88 12-4 73-2 
added fat (40 p.c.) 


in choline further deposition took place. This result also supports the view 
that the amount of choline present in stock diets is capable of exerting a — 
definite effect. On the grain fat diet the factors tending to increase liver 
fat had come into equilibrium with those tending to decrease it, so that a 
level of from 13-2 to 12-4 p.c. was maintained. When the low choline diet 
was substituted the liver fat rose over a period of 12 days to 21-1 p.c. The 
daily caloric intake of the fifteen rats on the grain diet plus fat was 46-2 
calories and on the diet low in choline plus fat 42-2 calories. It will be 
interesting to determine whether or not the further increase in liver fat 
which one would expect when the rats are kept on a diet of sucrose plus 
beef fat will be greater than that which we have already obtained with 
sucrose alone or with the low choline diet plus beef fat. 


Discussion. 


Curative effect of choline. The experiments reported leave no doubt that 
choline accelerates the rate of removal of fat from the liver under a 
variety of dietetic conditions. When the diet rich in fat is continued, the 
addition of choline causes a rapid decrease in the amount of liverfat. When 
nothing but sucrose is provided in curative experiments a maximal effect 
of choline may be secured in from 9 to 12 days. The addition of even 5 mg. 

of choline to the daily diet of rats is sufficient to cause a definite decrease 
_ in liver fat under certain conditions, so that the disappearance of fat 
from fatty livers with a mixed grain diet is apparently due in large part to 
the choline contained in the grains; for when the feeding of fat is con- 
tinued, and a diet containing little choline is substituted for the grain, a 
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further increase in liver fat takes place, whereas in the grain diet there is 
sufficient choline to prevent the further increase in liver fat. | 

Is choline an essential dietary factor? It would appear therefore that a 
diet from which all choline and related substances with the same action on 
liver fat had been removed could not be considered adequate, although 
all the other known essentials were supplied. This hypothesis is supported 
by (1) the results of the experiments in which the grain diet exerted 
curative effects, (2) by the finding that 5 mg. of choline daily, that is, half 
the amount present in the usual ration of grain is an effective dose, (3) 
equally forcibly by the observation that the liver fat of animals with 
moderately fatty livers rises to extremely high levels when a diet low in 
choline but adequate in most of the known essentials is substituted for the 
grain, and (4) by the finding to be referred to in the next section, that 
normal rats on a choline-free diet develop fatty livers. An experiment 
bearing on this is in progress, with Dr E. W. McHenry, in which rats are 
being studied through several generations. Diets adequate in other 
respects but low in choline and with three different levels of fat intake are 
being used. Choline is being supplied to controls. _ 

Diets low in choline. In animals with fatty livers sucrose alone leads to 
a greater deposition of liver fat than when the casein plus sugar or the 
more adequate diet low in choline is provided. The difference cannot be 
attributed to variation in caloric intake. The effect of the very small 
amount of choline contained in the other diets must be determined. The 
rapid and pronounced effect of 5 mg. daily makes this necessary. But it is 
possible that there may be a “specific” effect of sucrose. That it may have 
been converted into fat appears to us unlikely since the animals were 
losing fat from their stores. The absorbed carbohydrate is probably 
oxidized directly, The idea that the commercial sucrose might contain 
some toxic substance will be tested. But the action of choline in the 
sucrose experiments is quite different from its effect, for example, in 
phosphorus poisoning. Miss Ridout, D. L. MacLean and one of us 
(C.H.B, 1934) have found no effect of choline on the rate of deposition of 
fat in the liver in this condition, but a very definite acceleration of its rate 
of disappearance during the recovery phase, so it is unlikely that the 
sucrose owes any part of its effect to a contaminant. 

The influence of the caloric intake changes on the amount of fat in the 
liver must be borne in mind. Many bold that the transient increase in 
liver fat observed in normal rats when fasted is due to mobilization of 
depét fat to the liver. It might equally well be caused by a decreased 
“metabolism” of fat in the liver, We 
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have shown that large amounts of choline prevent this phenomenon. But 
when the liver is fatty to start with our results show (1) that fasting 
causes a prompt and rapid decrease in liver fat, the rate of which is 
affected slightly if at all, by choline, (2) that a certain amount of varia- 
tion in the caloric intake above the level of 25 calories per rat per day 
produces very little effect on the rate of deposition. Rats with fatty livers 
have ingested no choline in the sucrose experiments when the fat content 
of the livers increased rapidly, and in the fasting experiments when the 
liver fat decreased abruptly, the initial amount of fat in the rats being 
about 8 p.c. In the sucrose experiments even when the caloric intake was 
very low, and the same is true of experiments with the more adequate 
diet, there was no tendency for the liver fat to fall. There must be a 
“critical point” of daily caloric intake between 0 and 25 calories in 
experiments of this kind and this duration above which liver fat rises and 
below which it falls, probably related to the amount of depét fat which it 
helps to maintain. In the fasting experiment the amount of depét fat was 
appreciably greater than that of the “élément constant”’ when the de- 
crease in liver fat began. The determination of this “critical point”’ is to 
be attempted and may be facilitated by the use of “earmarked’’ fats, 
which incidentally may also help to decide whether any significant amount 
of the liver fat is formed from ingested carbohydrate when this is the only 
food supplied. 

Diets low in choline increase the amount of fat in fatty livers, and may 
lead to fatty livers in normal animals. This is the case when sucrose only 
is provided, and Miss Ridout has obtained results, as yet unpublished, 
which prove that the same holds true for diets adequate in most other 
respects but low in choline. In order to produce fatty livers in rats or in 
dogs as quickly as possible a choline-free diet should be used. This new 
information is being applied in the work with our colony of diabetic dogs 
as well as in experiments with normal dogs and rats. 

The livers of some of the animals which have been kept on the choline- 
free diet may weigh more than twice as much as a normal liver, and they 
often extend from an inch to an inch and a half further caudally than the 
normal liver of rats of the same weight. When choline is supplied the liver 
shrinks rapidly in size. This point is mentioned because of the possible 
clinical interest. 

Other substances with effects similar to choline. We have as yet no 
method for determining the amounts of substances other than choline 
which exert similar effects on liver fat. We are planning experiments for 
this purpose but at present would merely refer to two points. First, if, as 
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Engeland [1909] suggested, betaines arise by the methylation of amino 
acids and are formed during the synthesis or breakdown of proteins, the 
deposition of liver fat might thus be linked to protein metabolism. 
Second, since lecithine is a component of every cell, extensive breakdown — 
of cells might conceivably liberate appreciable amounts of this substance 
and its constituent choline. We have no new evidence on either of these 
points; and have at present no reason to suppose that they play a signifi- 
cant réle in the interpretation of our results. 

While the researches described above have yielded many new facts an 
exceptionally large number of problems demanding further study have 
appeared. Some of these are at present under investigation. 


SUMMARY AND CONCLUSIONS. 


1. When white rats were fed on a diet consisting of mixed grains and 
beef fat, the fat content of the liver tended to become maximal after 
3 weeks. At the end of a further 12 days on the same diet the fat content 
was not found to be significantly different. If, at the end of the 3 weeks, 
however, choline was added to the diet, a rapid decrease in the fat content 
of the liver took place. If, instead of adding choline, a diet low in choline 
but adequate in most other respects was substituted for the choline- 
containing grain diet, a further increase in liver fat occurred during the 
following 12 days. 

2. If, however, the grain diet was continued but the beef fat omitted, — 
a decrease in liver fat occurred. The rate of this decrease was accelerated 
by choline. If, after removal of the fat, a diet, otherwise adequate for a 
short term experiment but low in choline, was substituted for the grain, 


- no decrease in liver fat took place. There was, on thé other hand, a slight 


increase. When animals with fatty livers were placed on a choline-free 
diet composed exclusively of sucrose, a rapid and pronounced further 
increase in liver fat occurred. Not only was this prevented by choline 
but the liver fat was reduced to normal levels within from 9 to 12 days. 
When rats with fatty livers were supplied daily with a diet low in choline 
and an added amount of choline appreciably less than that contained in 
one day’s ration of grain, a rapid decrease in liver fat was observed. 

3. When rats with fatty livers were fasted there was a rapid decrease 


in liver fat, the rate of which was affected only slightly, if at all, by 


choline. Other more preliminary results have also suggested that the low 
caloric intake obtaining in some of the experiments does not favour the 


further deposition of fat in the liver. 
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4. When normal rats were fed on sucrose exclusively moderately fatty 
livers were rapidly produced. This change was also prevented by choline. 

5. The results of these experiments not only demonstrate that added 
choline greatly accelerates the rate of removal of fat from the rat’s liver 
under a variety of dietetic conditions but indicate that choline naturally 
occurring in a diet is an important factor in determining the level of liver 
fat produced by the diet. The evidence also justifies the suggestion that 
choline, or other substance or substances with the same action on liver 
fat, may prove to be a significant and perhaps an essential dietary factor, 
the complete absence of which from a diet may lead to the accumulation 
_ of an excess of liver fat. 


We are indebted to our colleagues Dr D. L. MacLean, Mr John Fletcher and Mr 
O. M. Solandt for their helpful interest in certain aspects of this work. The efficient 
technical assistance of Miss G. Harpell and Miss L. Palmer is gratefully acknowledged. 
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CHOLINE AND LIVER FAT IN 
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(From the Department of Physiological Hygiene, School of Hygiene, 
Unwersity of Toronto.) 
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Tue possibility that choline might exert some effect on the deposition of 
fat in the liver, which is known to be produced by poisoning with any one 
of a large number of chemical substances, has frequently been considered 
since the action of the base on liver fat was demonstrated [Best and 
Huntsman, 1932]. It is known that, under certain conditions at least, 
the principal action of choline is on the “neutral” fraction of the liver fat 
[Best, Channon and Ridout, 1934]. It is this component which is 
chiefly responsible for the increased amount of fat which appears in the 
liver when chemical substances with effects similar to those of phosphorus 
are administered to rats. ) 
MeTHops. 

White rats of the Wistar strain from the Connaught Laboratories’ 
colony were used. The phosphorus dissolved in almond oil was ad- 
ministered subcutaneously. The margin between a fatal dose and that 
effective in producing an accumulation of liver fat is narrow, and must be 
determined for each lot of rats. The average weight of the rats at the 
beginning of the experiment was approximately 200 g. Ten animals were 
used in each group, but the dose of phosphorus usually proved fatal to 
some before the fifth day. The amount of fat in the liver was estimated in 
some experiments by the saponification method, and in others by separa- 
tion and determination of certain of the components after exhaustive 
alcohol and ether extraction of the liver tissue which had been ground 
with sand. The details of this latter procedure, given by Channon and 
El Saby [1932] were followed. When the saponification method was used 


1 A preliminary account of the results of this work was presented at the Annual Meeting 
of the Royal Society of Canada (Quebec, May 1934). 
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the “fatty avids” referred to in the tables include the unsaponifiable 
fraction. In the other method the unsaponifiable fraction was removed 
and the amount of fatty acid was then determined. Three types of diet 
were used. The first was composed of mixed grains with sufficient fat 
added to form 20 p.c. by weight. The fat was the hydrogenated vegetable 
oil, “Crisco.” The second type of diet was exclusively carbohydrate, and 
was used because it was completely free from choline. The carbohydrate, 
which was the best available grade of commercial sucrose, was dissolved 
in the drinking water provided for the rats. The third type of diet 
contained the known essentials for a short-term experiment in which rats 
are the test animals. It is described in Table I. This diet provided 473 


I. Diet low in choline. 


of ‘ota 100 
Composition 

g. calories diet” 
Casein 11-5 13 0-6 
20-0 38 0-0 
58-3 49 0-0 

4-8 
Agar 1-9 0-1 


calories per 100 g. B.D.H. “fat-free vitamin-free” casein was used. The 
salt mixture was McCollum’s No. 185. Vitamins A and D were supplied 
in a cod-liver oil concentrate. B, was provided as an extract of yeast 
prepared by Peters’s method. The whites from hard-boiled eggs were 
dried, and ground to a fine powder. This provided a source of B, as well 
as protein. The choline content of the diet was 1-1 mg./100 g. The choline 
was estimated by biological assay after acetylation. 


EXPERIMENTAL RESULTS. 
Chemical findings. 

In the first experiment the diet low in choline was provided on the 
first and second day of the experiment. On each of these days all the rats 
received an injection of 0-75 mg. of phosphorus subcutaneously. On the 
third and fourth days of the experiments the animals drank some of the 
sugar solution, but received no solid food. Preliminary tests had indicated 
that the animals would eat very little at this phase of the phosphorus 
poisoning. On the following days both the diet low in choline and the 
sugar solution were provided. Half of the animals received choline which 
was added, as the hydrochloride, both to the solid diet and to the sugar 
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Il, 
Av 
caloric in- daily 
from take Ist to choline Liver fatty 
Day of No.of ofexperiment 5th day, intake acids 
experiment rats g- mg. p.c 
5th 6 | - 29 34 207 9-9 
7th 6 ~12 22 147 3-9 
9th 6 ~41 49 254 3-5 
12th 7 48 46 210 4-2 
15th 8 -49 40 2-6 
5th 6 - 20 41 —_— 8-8 
7th 6 -30 53 8-2 
9th. 6 ~ 34 65 — 7:3 
12th 9 ~ 39 48 8-2 
15th 9 56 55 8-0 
o* ~ 
3 
2 al 
Time in days 


Fig. 1, 4 Phosphorus—diet low in choline and sugar solution; o phosphorus—diet same 
as above but with added choline (196 mg. daily); co no phosphorus—diet low in choline. 


solution (30 p.c. sucrose) from the beginning of the experiment. The 
average daily caloric intakes for the preceding intervals are given in 
Table II. The fatty acids were determined in the alcohol-ether extract of 
the combined livers. These results and further details of the experiment 
are shown in the table. The curves showing the effect of choline on liver 
fatty acids are shown in Fig. 1. The third curve, which will be discussed 
further later in this paper, illustrates the effect of the diet low in choline 
when no phosphorus was administered. 


J 
: 
< > 
4 
as 
¥ 
7 
€ 


278 0. H. BEST, D. L. MACLEAN AND J. H. RIDOUT. 


Taste III, 
Av. daily Liver 
t from caloric in- Av. daily 
0.. t 5t 
ment rats g. ete. mg. p.c. mg./100 g 
5th 10 -1l 63 67 4-6 298 
7th 10 - 35 59 57 3-7 275 
9th 10 -18 44 113 3-8 270 
12th 9 -40 35 82 2-5 208 
15th 7 -21 47 102 2-9 310 
5th 10 -19 55 —_ 3-8 289 
7th 10 ~ 40 43 _ 6-7 320 
9th 8 -13 50 — 7-0 251 
12th 9 -27 42 — 7-4 242 
15th 26 42. 8-0 311 
9 
7+ 
3 
ah 
Time in days 


_ sequently; o phosphorus—diet same as above but choline added (84 mg. daily). 


In the second experiment the animals received the grain and 20 p.c. 
“Crisco” diet on the first four days, and sugar solution only on the 
following days. 15mg. of phosphorus were injected, one-half the 
amount on the first day and the other half on the second day of the 
experiment. The liver fat was estimated after extraction of the fat from 
the combined livers. The results are shown in Table III, and the curves 
of liver fatty acids are given in Fig. 2. There was no significant — in 
the total cholesterol of the livers in this experiment. 
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wt. from Av. daily Bod : 
caloric in- Av A | 
Day of of experi- takelstto choline Fatty Fatty , 
experi: No.of ment OSthday, intake acids Iodine Moisture acids Iodine 
ment rats g. etc. mg. p.c. no. p.c. p.c. no. 4 
5th 6 25 54 10-1 116 — 
7th 6 ~21 54 _ 73 102 69-4 8-8 87 ‘ 
%h 6 ~28 54 78 82 88 
12th 9. ~=87 45 8-0 101 671 8-4 84 
15th 9 — 29 51 78 104 10-0 85 
5th 6 42 217s 120 — 10-6 82 4 
7th 6 — 34 38 200 8-9 105 69-9 10-1 84 3 
9th 6 —48 32 180 6-6 100 68-9 8-7 85 ; 
12th 7 39 43 105 71-3 63 
15th 8 —45 37 147 3-1 108 _— 8-0 88 4 
T 7 T T T T T T T T T T T 
j 
2 
Time in days 4 
Fig. 3. a Phosphorus—grain, “Crisco” and sugar solution throughout; o phosphorus— : 
diet same as above but choline added (183 mg. daily). 
In the third experiment grain and 20 p.c. “Crisco” and the sugar 
| solution were provided throughout the experiment. The caloric values 
| for the food consumed are given in Table IV. The animals received 
| 1-25 mg. of phosphorus over the first two-day period. Choline, which was 
q given to half of the animals, was added both to the solid diet and to the 


sugar solution. The fat estimations were made on individual livers by the 
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saponification method. The results are shown in Table IV and the curves 
of liver fat are given in Fig. 3. 

Since it is known that certain diets low in choline favour the develop- 
ment of fatty livers in rats [Best and Huntsman, 1934] it was considered 
necessary to determine the extent to which diet was responsible for the 
increase in liver fat in the phosphorus experiments. In the next experi- 
ment the diet low in choline was provided, and the change in liver fat was 
studied for the usual period. The results are shown in Table V. The rats 


TaBLe V. 
Change in Av. daily 
weight from caloricin- |. 
beginning of take lst to 
Day of ex- No. of experiment 5th day, 
periment Tats g. etc. 
5th 10 -11 35 5-3 8-0 
9th 10 -12 34 5-9 8-1 
15th 10 -5 34 9-3 8-2 
21st 10 -5 34 10-9 71 
5th 10 +7 64 5:7 10-5 
9th 10 -1 50 7-4 11-1 
15th 10 -4 50 9-6 9-0 
21st 10 -13 56 10-0 6-9 


used in this experiment were divided into two groups. In one the animals 
were given all the food they would eat, while in the other the caloric 
intake was limited. Sugar solution was not provided. The curve illustrat- 
ing the increase in liver fat in the group receiving on the average 55 calories 
daily is shown in Fig. 1. 

In the last experiment of this series which was designed to determine 
the effects of the oil injections, the diet composed of the mixed grains and 
“Crisco” was provided. Sugar solution was also made available. Almond 
oil was injected in the same amounts and at the same intervals as in the 
phosphorus experiments. The values for liver fat obtained by the 
saponification method are shown in Table VI. 


VI 
in 
wt.from Av. daily Liver Body 
y e : st to y Fatt 
experi- No. of ment Sthday, acids Todine nen Todine 
ment rats g- etc p.c. no. p.c no. 
6th 6 +15 79 4-6 95 13-2 73 
7th 6 +7 83 4-2 102 11-1 76 
9th 6 +10 82 4-0 111 11-3 85 
12th 6 +11 81 5-4 — 8-2 — 
15th 6 +15 81 5-7 101 11:3 86 


4 
a 
> 
> 
4 
oy 
A 
‘4 
Sa 
4% 


_ CHOLINE AND PHOSPHORUS POISONING. 281 


Histological findings. 

It will be sufficient to give a description of the changes produced by 
phosphorus at two stages of one experiment. The sections of liver tissue 
that were secured on the fifth day of the third experiment described above 
presented in both groups of animals a histological picture of profound 
fatty degeneration. When frozen sections were stained with Scharlach R 
the parenchymal cells exhibited innumerable small droplets of red 
staining material which was evidently fat. In many places the cell 
membranes were indistinct, and only the nuclei remained intact. The fatty 
changes, though distributed throughout the liver, were usually more 
intense in the portal areas of each lobule. There was no significant effect 
attributable to choline at this stage of the experiment. 

Sections were also secured on the fifteenth day of the experiment. The 
livers of the rats receiving no added choline in their diet presented an 
appearance of fatty degeneration similar to, but more advanced than that 
noted on the fifth day. The fine droplets of fat had by this time apparently 
coalesced into larger globules. The sections from the livers of rats 
receiving choline showed practically no fat, but the liver cells had by no 
means recovered from the effects of the phosphorus. The cell contents 
were very granular and appeared to be reduced in amount. Histo- 
logically, therefore, there was confirmatory evidence of the definite 
difference by the fifteenth day in so far as fat deposition was concerned 
between the livers of the choline-fed group and those from the animals 
which received no added choline. There was, however, no perceptible 
effect of choline on the other signs of degeneration. : 


DISCUSSION. 


Many aspects of phosphorus poisoning have been frequently in- 
vestigated, but while the accumulation of fat in the liver is one of the 
most obvious abnormalities, the pathological significance (that is, the 


extent of interference with physiological function) of this particular 


change has not been intensively studied. One difficulty is, of course, that 
liver damage must be extensive before abnormality in function can be 
detected by the tests at present available. It is well known, however, 
that phosphorus may seriously interfere with liver function, and there 
is also some evidence that the administration of large amounts of fat may 
result in abnormal responses to certain liver function tests [Rosenthal 
and Lillie, 1931]. The part played directly or indirectly by the deposits 
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of fat in phosphorus poisoning might be made somewhat clearer if the 
extent of interference with liver function produced by the same degree 
of fatty infiltration secured (1) by phosphorus poisoning, and (2) by 
dietetic means were compared. The evidence which is available suggests 
that the fatty changes in the liver in phosphorus poisoning are due to the 
toxic action of the chemical on the cells but it is possible that there may 
also be a disturbance of fat transport under these conditions. 

The results of our experiment bring out several new points. One of 
the most important is that choline appears to exert a definite effect on the 
rate of the return of liver fat to the normal value in the recovery phase of 

phosphorus poisoning. In some of the experiments large amounts of 
* choline were made available and were ingested by the rats. In another 
case the amount was much less but still probably greatly in excess of the 
optimal, The larger amounts apparently produce no deleterious effects 
in short experiments. The results of the estimations of fatty acid 
suggest that theamount of choline presentin a diet may exert 
an effect on the rate of disappearance of the excess liver fat 
which is deposited as a result of the administration of toxic 
chemical substances. 

The gradual rise in the amount of liver fat when diets low in deiiee 
are provided is also a result of considerable significance. The extent of the 
rise is also affected by the amount of fat present in the diet. When the 
_ “Crisco” is added to the grain diet which, as has been discussed in other 
reports, contains 106 mg. of choline per 100 g., no significant rise in liver 
fat is produced [Best and Ridout, 1933]. The diet low in choline which 
includes the same amount of the fat (Table I) causes, on the other hand, 
a definite deposition in the liver (Table V). In Fig. 1 the curves show 
that the rats which received phosphorus exhibit a much more rapid rise 
in liver fat than those on similar diets but to which no phosphorus had 
been given. 

The results of the second experiment probably indicate that under the 
prevailing conditions the amount of phosphorus given exerted no effect 
on liver fat. The delayed rise is presumably due to the choline-free 
sucrose diet. The rise is similar to that obtained by Miss Huntsman and 
one of us (C. H. B., 1934) by feeding sucrose to normal rats. If this effect 
of sucrose had not been appreciated the rise would have been attributed 
to the phosphorus. The result of feeding sucrose is particularly interesting 
since intravenous dextrose therapy and the use of diets rich in carbo- 
hydrate occupy a prominent position in the accepted clinical treatment of 
phosphorus poisoning. As soon as a patient is able to eat, however, 
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choline-containing food (meat, eggs, vegetables, etc.) is supplied. If the 
rise in liver fat occurs in human beings poisoned by chemicals with effects 
similar to those of phosphorus, the duration of the fatty changes might 
be decreased by providing choline or betaine. The relation of the fat 
deposits to the function of the liver cells in any species, however, is quite 
unsettled. 

As might perhaps have been predicted, choline does not inhibit the 
production of the degenerative changes in the liver attributable to the 
injected phosphorus. Furthermore, while the livers of the phosphorus- 
poisoned animals which received no choline exhibit, after fifteen days, 
fatty changes which are absent from those of the choline-fed group, the 
effects of the phosphorus on the liver cytoplasm of the two groups are still 
essentially the same. It will be necessary to determine whether the 
changes attributable to the phosphorus run their course independently 
or whether their duration is affected by the presence of the deposits of 
fat. It is possible that the accumulations of fat, which are found in the 
livers of the animals on the diet low in choline to which no phosphorus 
was administered, would, if allowed to remain for long periods, exert 
deleterious effects on the cells. Whether the deposition of fat produced 
by the long-continued administration of much smaller amounts of phos- 
phorus [Mallory, 1933] than we have used is preventable by choline and, 
if so, whether the other signs of degeneration of liver cells are affected are 
_ points which may repay investigation. 

The variation in the amount of liver fat in different rats under the 
same conditions is considerable and, although from six to ten animals were 
used to secure each value, small differences between averages are not 
significant. The results justify, however, the following conclusions. 


SUMMARY AND CONCLUSIONS. 


1. Choline increased the rate of disappearance of fat from the liver 
during the recovery phase of phosphorus poisoning in rats, but did not 
inhibit the deposition which took place after the injection of large 
amounts of phosphorus. | 

2. Diets low in choline but satisfactory for a short-term experiment 
in other respects resulted in an accumulation of liver fat, but the rate of 
this increase was not as rapid as that produced by phosphorus poisoning. 

3. When rats with fatty livers produced by phosphorus poisoning 
were kept on a diet low in choline, there was no significant decrease in the 
amount of liver fat during the period of observation. 
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4. The results of preliminary histological studies, made during this 
series of fifteen-day experiments, do not suggest that choline affects the 
duration of the degenerative changes in the liver, other than the accumu- 
lation of excess fat, produced by large amounts of phosphorus. 
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A COMPARATIVE STUDY OF THE EFFECTS OF ADD- 
ING DIFFERENT SUGARS TO THE PERFUSION 
FLUID THROUGH FROG’S HEART AND THE 
INFLUENCE OF INSULIN OVER IT. 


By R. K. PAL ann 8. PRASAD, 


(From the Department of Physiology, Prince of Wales 
_ Medical College, Patna, India.) 


(Received August 27, 1934.) 


Looxe [1895] showed that addition of 0-1 p.c. dextrose to a suitable 
inorganic solution kept a frog’s heart in spontaneous activity for 24 hours 
and suggested that “‘a sustaining action of this kind upon the heart does 
not belong to dextrose alone but to various other organic substances.” 
The same worker [1904] showed that the force of contraction of a heart 
can be improved by dextrose solutions varying from 1 in 100,000 to 1 in 
100; this occurs after an initial fall in the contraction preceded by a slight 
rise, each of short duration. At the same time he and Rosenheim [1904] 
used other sugars, galactose, rhamnose, J-arabinose and glucoheptose 
instead of dextrose but “no action at all comparable to that of dextrose 
|. could be found.” Later on they [1907] also found that a considerable 
4 amount of dextrose disappeared from the perfused solution when the 
| heart was beating strongly, and came to the conclusion that it was 
_ utilized by the heart to increase its efficiency. Six years later Maclean 
and Smedley [1913] proved that utilization of sugar by the heart was not 
confined to glucose alone, “other sugars are also consumed but apparently 
not to the same extent, except in the case of mannose.” Clark [1916] 
perfused a pancreas with Locke’s solution containing glucose, and was of 
opinion that glucose was not changed in reducing power, but its character 
was altered (by the lowering of the optical rotation) so that it could be 
more readily utilized by a beating heart. In a previous paper we [Pal and 
Prasad, 1934] have shown how the heart becomes slow and the force 
too is diminished by the action of insulin. For further investigation of 
the action on the heart of insulin — with different sugars, the present 
work was taken up. 
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APPARATUS AND METHOD OF PERFUSION. 


Three bulb funnels with stopcocks and stoppers were connected to one 
another by rubber tubing and two Y-tubes so that by means of clips each 
could be opened into the perfusion tube to which the cannula was at- 
tached, and different solutions might be used as required. The first funnel 


Fig. 1. Showing increased efficiency of heart beat preceded by a slight dilatation of the 
heart after addition of different sugars (2 p.c.) to the perfusion fluid. 


contained the perfusion fluid with glucose, the second, the fluid alone, 
and the third contained the same fluid with some other sugar for com- 
parison with glucose. The level of the fluids in the three funnels was kept 
fairly constant, so that the fluid flowing from the different bulbs had the 
same pressure. 

The perfusion cannula was introduced into the frog’s heart through a 
puncture in the inferior vena cava and a cut in the aortic arch formed the 
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outlet for the perfused fluid. The standard solution used was modified 
Ringer [Macleod 1930] and as a rule 2 p.c. of different sugars was 
used, With insulin (Lily brand) larger quantities of sugars were added to 
the fluid (up to 20 p.c.). Insulin was used subcutaneously by injection 


Fig. 2 A, B. Showing further increase in the efficiency of heart beat preceded by a slight 
dilatation of the heart efter combining 5 units of insulin with different sugars added to 
the perfusion fluid. On the top towards the right (A), is shown the v ic action (slow 
ing with diminution in amplitude) of the same dose of insulin on heart for comparison. 


into the dorsal lymph sac, as also by slow injection with a “record” 
syringe into the perfusion tube about one foot from the puncture into the 
inferior vena cava. The rate of flow of the perfusion fluid was also kept 
fairly constant (35-40 drops per min.) throughout the experiments. The 
fluid, both before and after the perfusion, was examined for pH content 


and percentage of sugar. 
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Comparison of the effects of perfusion of different sugars (glucose, 
fructose, lactose, maltose and saccharose) showed that the efficiency of 
heart beat was increased after addition of each of these sugars to the 
perfusion fluid. But this sustaining action was more lasting with glucose 
than with other sugars. | 

But when insulin (5 units) as well as sugar was added to the perfusion 
fluid, the efficiency of the heart was increased too, and the effect lasted 


Fig. 3. Showing lowering the amplitude of contraction on stopping glucose and temporary 
improvement again by addition of 10 p.c. levulose in saline. 


| 


/ 


60 min. Saline Insulin 70 min. ~ 75 min. CGlucose 80 min. 


‘Glucose saline —S perfusion 10 units perfusion 
perfusion with 
perfusion 


Fig. 4. Showing effect of addition of glucose and later on « bigger dose of insulin (10 units) 
causing a diminution in amplitude and slight slowing which passed off on perfusion 
with glucose (in saline) again. 


for a longer period than with the sugars alone. Curiously enough, per- 


fusion of sugars alone (except fructose) led at first to a slight dilatation of 


the heart with impaired contraction. But when insulin was added to the 
sugar solutions, this initial dilatation with impaired contraction of the 
heart became more manifest. In no case was there any evidence of such 
a diminution of the amplitude of contraction as was caused by the same 
amount of insulin alone. In one or two cases, however, there was slight 
slowing though the force of contraction was much improved, 
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On stopping glucose, thei improvement in the amplitude of contraction 
declined, but could again be improved temporarily by perfusion of 
ir 10 p.c. in saline. 


Fig. 5. Showing effect of addition of 20 p.c. glucose, and its utilization by the heart, with 
increased efficiency preceded by a transient fall in the height of contraction, with a 
bigger dose of insulin (10 units). 


Fig. 6. Showing much improvement in the force of contraction on perfusion with glucose 
in saline solution, when preceded by a subcutaneous injection of the same dose of 
insulin (10 units) about half an hour before. 


When the dose of insulin was increased there was a slight fall in the 
amplitude, with slowing for a short time, after which the heart again had 
its height of contraction improved. 

When the percentage of glucose in the solution was increased (say 
20 p. “) the — was still evident, but when a bigger dose of 
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insulin (10 units) was administered, the 
height of contraction to be followed by much stronger beats for a long 
period, which again came down rapidly on stopping the glucose. | 
But subcutaneous injection of insulin (10 units) into the dorsal lymph 

sac, about half an hour before the perfusion, improved the force of 
contraction enormously and for a long time. 
_ _Estimation of the pH of the fluid showed that this was always 

lowered after perfusion (with or without insulin) from 7-5 to 6-8-7. The 
utilization of glucose rose from 5-4 mg. per g. of heart muscle per hour to 
about 7-5 mg. under the influence of insulin. In the case of disaccharides 
(maltose and lactose) the utilization was 5-10 mg. per g., which was not 
very much increased (about 0-5 mg. only) by perfusion of insulin 
simultaneously. 

Discussion. 


Addition of different sugars (2 p.c.) to the perfusion fluid increases the 
efficiency of frog’s heart after a slight passing dilatation and fall in the 
height of contraction. Locke and Rosenheim [1904] too added other 
sugars, but came to the conclusion that glucose was far superior to the 
other sugars they used. We have shown that lactose, maltose; fructose 
and saccharose, which were not used by Locke and Rosenheim, 
behave similarly to glucose. Moreover, under the influence of insulin, this 
activity became more manifest, in the case of each of the sugars. The 
slight dilatation of the heart with diminution in the amplitude noticed on 
perfusion of sugars, with or without insulin, can be referred to a lowering 
of the H-ion concentration that takes place simultaneously. The same 
sort of dilatation with temporary lowering of the amplitude to be fol- 
lowed later by increased amplitude of the heart was noticed by Jeru- 
salem and Starling [1910] owing to decreased pH (by administration of 
a mixture containing 20 p.c. CO, and 25 p.c. oxygen for artificial respira- 
tion instead of air). | 

The slowing effect of insulin ¢ on the heart could rarely be seen, when 
the heart was perfused with a solution containing a suitable percentage of 
sugars, and under the influence of insulin, even 20 p.c. glucose solution 
could be utilized efficiently by a contracting heart. With a bigger dose of 
insulin (10 units or so) a temporary diminution in amplitude was 

noticed, to be followed later on by much improved beats. 

The amplitude of contraction was very greatly improved on perfusion 
with glucose solution after a hypodermic injection of insulin (10 units). 
In this case, insulin augmented the force of the heart without slowing or 
even temporary diminution of the amplitude. 
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From these facts it appears that suitable doses of different sugars 
combined with a small dose of insulin might be used as cardiac tonics, 
like digitalis or adrenaline. As to how exactly insulin helps the action of 
sugars, we must not hazard any opinion at this stage but remain content 
with what Sharpey-Schafer [1926] says: “The only positive fact which 
emerges from a large amount of conflicting evidence is that under the 
influence of insulin, glucose undergoes a change which renders it more 
readily oxydisable and therefore better able to be metabolized in the 
tissues.” 


SuMMARY. 


1. Different sugars increase the efficiency of heart contractions when 
added in suitable doses to the perfusion fluid. In this respect, though 
_ glucose, as a rule, heads the list, other mono- or disaccharides are also 
worth trying. 

2. Insulin enhances further the action of these sugars. 

3. As the pH of the perfusion fluid is lowered in the course of perfu- 
sion, a temporary dilatation of the heart with diminution in amplitude 
is noticed, to. be followed later on by true augmentation. 

4. The effects of insulin stimulating the vagus are absent or rarely 
present when a suitable dose of insulin is combined with suitable doses 
of the different sugars. | 

5. Intravenous injection of glucose in saline, preceded by a small dose 
of insulin hypodermically about half an hour before, acts as a very good 
cardiac stimulant. 

We express our thanks to Mr H. N. Banerjea of the Department of Physiology for 
helping us, in the estimation of sugars and of the pH of the fluids, before and after 
perfusion. 
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THE PRESENCE IN THE VAGUS OF FIBRES TRANS- 
MITTING IMPULSES AUGMENTING THE 
FREQUENCY OF RESPIRATION. 


By M. HAMMOUDA anp W. H. WILSON. 
(From the Department of Physiology, University of Cairo.) — 
(Received September 5, 1934.) 


In a recent paper [1932] we described the characteristic reflex effect of 
deflation of the lungs as being an increase in the frequency of respiration, 
this increase being proportional to the decrease in volume. It was sug- 
gested that the effect was due to the presence of tonic impulses arising in 
vagus nerve endings in the lungs affecting that part of the respiratory 
centre governing the rate of the rhythm in such manner as to augment 
its activity. The slow breathing following section of the vagi was explained 
by the absence of this augmentor influence. 

Adrian [1933] has since then brought forward evidence which seems 


to show that the increased frequency of breathing accompanying defla- 


tion and the slowing following vagotomy, can equally well be explained 
on the basis of Head’s [1889] view of the central mechanism and makes 


the hypothesis of an augmentor influence unnecessary. 


He was unable to detect any action currents in the vagus accompany- 
ing volume changes in the lungs which could correspond to this influence, 
although he found, asdid Keller and Loeser[1929], well-marked afferent 
discharges when the lungs are suddenly reduced to their minimum volume, 
which may very well correspond to the impulses giving rise to the tonic 
inspiratory reaction described by Head under these conditions. 

The hypothesis advanced of the presence of an augmentor influence 
was based on the difficulty we found in explaining the effects of deflation 
of the lungs and of section of fhe vagi on the respiration in any other way. 
We were unable to demonstrate the presence of fibres carrying such im- 
pulses by excitation of the central end of the vagus, the results being 
uniformly expiratory standstill. This was assumed to be due to the 


preponderating effect of the concomitant stimulation of fibres carrying 
inhibitory influences to the centre. 
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It is the purpose of this communication to show that by cooling or 
compression of the vagus, conditions can be established in which the 
passage of inhibitory impulses arising in the lungs or by excitation of the 


nerve is blocked, while impulses increasing the frequency of respiration 


pass through the altered part of the nerve and reach the centre, the 
conclusion being that there are in the vagus fibres originating in the lungs 
conveying an augmentor influence such as we have described. 

The effects on respiration of faradic stimulation of the central end of 
the cervical vagus have been described very frequently, the majority of 
authors recording inspiratory reactions. 

Traube [1847], after removal of the hemispheres in rabbits, found, 
with weak excitation, acceleration of the breathing; with strong, in- 
spiratory tetanus. Rosenthal [1862], in animals narcotized with opium, 
confirmed Traube’s results. His figures show that the more frequent 
rhythm is superimposed on a well-marked inspiratory tonus. He regarded 
the expiratory standstill obtained by some authors as due to spread of 
current to the superior laryngeal nerves. Head [1889], using chloral 
hydrate (0-5-0-7 g. per kg. subcutaneously) with weak excitation, records 
slowing or expiratory standstill; with moderate inspiratory tetanus; and 
with strong, expiratory spasm. It is of interest that he observed no in- 
crease in the frequency of the rhythm and that the inspiratory tetanus 
he figures closely resembles his record of the tonic spasm accompanying 
sudden and complete collapse of the lungs. Lewandowsky [1896], in 
unanesthetized but “quiescent” animals, observed (a) diminished depth 
of breathing, (b) increased frequency with inspiratory tonus, (c) inspira- 
tory tetanus, (d) irregular respiration and convulsive movements, in the 
order of the strength of stimulation. Danielopoulo and Marcou[1932], 
in dogs with somnifene narcosis, find: with weak excitation, short 
expiratory standstill; with medium and strong, inhibition passing into 
accelerated breathing. The condition of anesthesia is not given. 

Quite recently Kisselew and Merkulow! [1934], in dogs after re- 
covery of consciousness from the preliminary anesthetic, observed, with 
weak excitation, restriction of the expiratory phase (insp. tonus); with 
strong, arrest of respiration is a position intermediate between the 
maxima of the two phases. 

Traube, Lewandowsky and the last authors agree in finding that 
chloral reverses the effect of excitation, expiratory standstill replacing 
the inspiratory phenomena described. Fredericq [1883] found that 


1 We have to thank the authors for kindly sending us a reprint of their valuable paper, 
and Prof. G. V. Anrep for his translation of the relevant parte from the Russian. 
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with small doses of chloral, 0-5 g. per kg. given subcutaneously, inspiratory 
reactions always accompanied excitation of the vagus; inhibition of 
respiration in the expiratory phase being the normal effect with doses of 
1-1-5 g. | 
Budge [1854], in rabbits anesthetized with ether, and Ovsjani- 
kow [1860], in dogs under chloroform, observed with weak faradization 
slowing, with strong more prolonged expiratory standstill. In fully 
anesthetized and in decerebrate animals we have consistently obtained 
slowing of the rhythm due to a prolongation of the expiratory pause with 
very weak excitation of the central end of the vagus, with or without any 
change in the depth of inspiration; with stronger excitation prolonged 
inhibition of respiration at the expiratory level, provided that the nerve 
was in a normal undamaged state. Using the dose of chloral Head 
employed we were unable to obtain suppression of all painful and sensory 
reactions. 

Modern textbooks describe the effects of excitation of the vagus as 
inspiratory, Howell [1924] adopting Lewandowsky’s views, E. H. 


Starling [1933] Head’s in a slightly modified form. The conflicting — 


results of excitation of the vagus are recognized, but it seems to have been 


generally assumed from the time of Traube onwards that the inspiratory 


phenomena described as accompanying electrical (or mechanical) stimu- 
lation indicate the presence in that nerve of fibres conveying inspiratory 
impulses from the lungs to the respiratory centre itself, such impulses 


being, by implication, concerned in normal respiration. It seems doubt- — 


ful, however, whether any such assumption is justifiable on the basis of 
experiments carried out on unanesthetized or lightly narcotized animals. 

It will be seen from the brief historical summary above that the dif- 
ference in the results of the various authors is dependent on the degree 
of anesthesia, that is, the extent to which the response of centres higher 
than the mid-brain are excluded; where this was complete, as in the 
observations of Budge and Ovsjanikow, the effect of excitation of the 
vagus was uniformly inhibitory, all inspiratory reactions being absent. 
It is to be noted that some observers, who describe inspiratory tonus or 
tetanus as accompanying vagus stimulation, do not record increased 
frequency of the rhythm, and that if the records of inspiratory tetanus be 
examined they show no evidence that the genesis of this phenomenon is 
in the fusion of successive rapidly recurring discharges. This is true of the 
tetanus described as resulting from vagus stimulation and of the closely 
similar inspiratory reaction described by Head and others as the reflex 
effect of complete collapse of the lungs. It seems therefore probable that 
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the tonic inspiratory and accelerator reactions are independent phe- 
nomena. 

The authors who denteibed the inspiratory reactions to vagus stimu- 
lation regarded the reversal of that effect, namely the production of 
expiratory standstill in place of inspiratory tetanus, with deep narcosis 
from chloral or other anzsthetics as due to the depressing effect of the 
drug on the inspiratory centre. In a paper on the respiratory cycle [1933] 
we have given in Fig. 6 records of the breathing of a dog under full 
chloroform or ether anesthesia, under light narcosis and with recovering 
consciousness. There is no significant difference in the rate of breathing 
or in the duration and form of the inspiratory phase, the only change 
being in the form of the expiratory phase. We suggested that this change 
in the expiratory phase is due to some reflex control of the resistance to 
the exit and intake of air in the upper air passages and that this is 
related to the activity of centres above the mid-brain. Similarly we have 
seen no significant difference in the inspiratory phase of dogs under 
chloralose and of decerebrate animals in which no anesthetic effects were 
present but the respiratory centre is under no higher influence. There is 
therefore no ground for thinking that the absence of the inspiratory 
reactions to excitation of the normal cervical vagus in the observations of 
those authors, who describe expiratory standstill, is due to the effect of 
the anesthetic on the respiratory centre. 

It might be thought that Traube’s results in decteehaite rabbits, 
mentioned above, conflict with this view. He states, however, in com- 
paring the results of excitation of the central end of the vagus and sciatic 
nerves, that excitation of the latter was accompanied by “loud cries and 
expiratory convulsions.” From this there can be no doubt that the 
decerebration was incomplete and that at least the thalamus remained. — 
That the inspiratory reactions may be of thalamic origin is therefore not 
excluded. It is in fact probable that these reactions have a different 
central origin and belong to a different category of respiratory reflexes to 
that represented by the augmentation in the frequency of the thythm 
accompanying vagus excitation under the conditions described in the 
present paper. 

Blocking of the passage of: impulses through the cervical vagus, the 
nerve fibres remaining intact, has been effected by different observers 
by ether vapour, freezing, anelectrotonus, cocainization and compression. 

Head (loc. cit.), following Gad, employed freezing. His apparatus, 
described as a ‘‘thermode,” consisted of a funnel with the tube cut short. 
Into the narrow opening left a thick copper wire was cemented. This 
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passed for some distance into the interior of the funnel, leaving a part 
about an inch in length projecting externally. The projecting part was 
bent. The funnel was filled with a freezing mixture and the nerve laid 
on the bent wire. We have employed Head’s method. 

He describes the freezing as causing a rapid and complete blocking 
of the passage of all impulses along the vagus. This, he states, lasts for 
about 10 min. after removal of the nerve from the thermode, with a 
subsequent period of recovery lasting 1} hours, during which time the 
conductivity of the nerve is altered. During this recovery period he 
observed what he describes as a paradoxical phenomenon, of which he 
was unable to offer an explanation, namely the reversal of the normal 
inflation reflex; a prolonged inspiratory spasm replacing the usual 
expiratory standstill. With longer periods of freezing, 10 sec. or more, 
this after-effect was absent, nor did he observe any such change in the 
reflex to volume changes in the lungs during recovery from blocking by 
ether vapour. Head did not examine the effects of exciting the vagus 
during recovery from freezing. 

Gasser and Erlanger [1929] have investigated the effect on the 
conduction in medullated nerves of cocaine and of graduated pressure. 
They find, using the oscillograph, that impulses characteristic of small- 
calibre fibres are blocked more readily by cocaine than are those trans- 
mitted by sensory or motor fibres of large calibre, whereas with gradually 
increasing pressure. the conductivity of the fibres of large calibre is 
abolished earlier than that of the fine fibres. Heinbecker and O’Leary 
[1934], following the last authors, have examined the effect of compres- 
sion on the cervical vagus. They find that the afferent respiratory fibres 
from the lungs are blocked more readily than the fine fibres concerned in 
vaso-motor reflexes. We have employed a method of compression, a fine 
screw clamp, similar to that used by Heinbecker and O’Leary. 

Our results differ in some respects from those of Head. It was found 
in the rabbit that recovery from freezing, even if continued for as long as 
10 sec., occurs immediately after removal of the nerve from the cold wire 
and no apparent change in the conductivity of the fibres persists. The 
reversal, when it occurs, follows on a considerably longer period of freez- 
ing and is then not in the form of an inspiratory tetanus, but an increase — 
in frequency of the breathing, often without any change in the depth of 
inspiration or in the base-line of expiration such as would imply an 
increase of tonus in the inspiratory muscles. We have found in addition 
that even when no change takes place in response to inflation, no reflex 
effect of any kind resulting, faradization of the vagus below the recovering 
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area of the nerve will still cause acceleration of the respiratory rhythm. 
It is probable that these discrepancies are in part due to the more 
complete ansesthesia, and, in part, to a difference in the degree of cold to 
which the nerve was subjected in our observations. Thus we were unable 


to obtain surgical anssthesia in either the dog or the rabbit with the dose — 


of chloral used by Head, and in regard to the cooling, we did not in any 
case find it necessary to thaw the nerve off the cooled wire with warm 
saline in the manner he describes. 

The observations recorded below demonstrate the alterations in the 
reactions to volume changes in the lungs and to electrical excitation of 
the vagus during recovery from the effects of cooling or compression of 
the nerve. It will be shown: (a) That all inhibitory reflex actions are 
abolished. (6) That a stimulus arising in the lungs which normally 
produces a slowing or arrest of respiration produces instead a more 
frequent rhythm, while the deflation reflex is unchanged. (c) That while 
stimulation by faradic currents centrally to the recovering area of nerve 
always produce the normal inhibitory effect, stimulation peripherally 
(below) that region constantly produces an increased ees of 
respiration. 


METHOD. 


The observations were made on dogs and rabbits. In dogs chloroform 
and ether was given for the preliminary operations followed by 0-22 g. 
medinal per kg., given intravenously. In rabbits a subcutaneous 
injection of medinal, 0-5 g. per kg. was the only narcotic given. No 
morphine was used in either case. Complete surgical anesthesia was pro- 
duced by these doses. The cervical vagi were prepared, a length of from 
4 to 5 cm. being freed on one side. When it was desired to cut the pul- 
monary vagus this was done (with artificial respiration) on the right side, 
the nerve being approached through the 3rd intercostal space. The nerve 
having been cut or tied the lungs were inflated and the opening in the 
thorax closed. Artificial respiration was then stopped. The carotid 
blood-pressure was recorded by a Hiirthle manometer. 

A tracheal cannula was connected by a short rubber tube to a T-piece, 
the arms of which were connected respectively to inlet and outlet valves. 
From the valves connections passed to a 10-litre air reservoir, from which 
a tube passed to a bellows volume recorder. A simultaneous record of the 
breathing was registered by a tambour stethograph, the knob of which 
rested on the epigastrium or the lower end of the sternum. This was 
necessary where the effects of inflation or deflation of the lungs by changes 
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in the intrapulmonary pressure were examined or when sbiedidadions 
were made on the reactions to closure of the tracheal outlet. The volume 
record is not shown on some of the tracings. 

Between the tracheal cannula and the T-piece a connection was made 

- with a mercurial manometer. Beyond this the rubber connection was of 
sufficient length to allow of clamping with pressure forceps when closure 
of the tracheal outlet was desired. 

Changes in the lung volume were effected by changes of pressure in 
either direction in the 10-litre reservoir by pressure bottles (previously 
described 1928) connected to it. 

Freezing was effected by Head’s thermode, the funnel being held in 
a stand conveniently placed so that the nerve could be readily lifted on to 
the bent copper wire. 

Compression was made by a clamp with parallel jaws about 4 mm. 
wide covered with rubber: the jaws being brought together by a fine 
screw. | | 

EXPERIMENTAL RESULTS. 


_ (1) The effects of partial blocking of conduction through the — 
vagus on the pulmonary reflexes. 

Two well-known types of reflex have been examined: (a) the reflex 
effects of closure of the tracheal outlet at the end of expiration and 
inspiration respectively; (b) the effects of volume changes in the lungs. 
The normal form of the latter need not be described. The former, in the 
anesthetized animal, consist in the case of closure at expiration of a 
slowing of the rhythm of respiration with an increase in the depth of 
inspiration; with closure at inspiration there is slowing or expiratory 
standstill and a more pronounced increase in the depth of inspiration. In 
neither case is there any increase of inspiratory tonus. 

Fig. 1 shows the effect of cooling on the inhibitory effects of inflation 
of the lungs and closure of the outlet. 

This observation differs from those illustrated in saceiiaiiias figures 
in that the change in the conductivity is not the after-effect of freezing 
but the effect of cooling to a few degrees above 0° C.! Graph A shows the 
reflex effects of closure at the outlet and of inflation and deflation while — 
the nerve was still in contact with the cold wire. B was taken when the 
nerve had been removed from the wire and had regained its normal 


+ With the method used it was not possible to know the actual temperature of the nerve. 
We hope. later to determine at what temperature complete blocking of the passage of 
inhibitory impulses oocurs snd the passage of sugmentor impulses is least interfered with. 
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. {| temperature and C when the nerve had been again placed on the cold 
wire. C is in fact confirmatory of A, graph B showing the normal re- 
flexes. If the effect of closure of the tracheal outlet at inspiration and — 
: | expiration (J and £ in the figure) respectively in graph B be compared 
: with the corresponding effects in A and C it will be seen that in B, where 
) the conduction in the vagus is normal, closure at inspiration produces 
a well-marked inhibition of the rhythm, closure at expiration a slight 


Fig. 1. Differential blocking of conductivity of vagus nerve fibres by cooling. Effect on 
— Dog 6 kg. Medinal 1-89 g. intravenous. Right pulmonary vagus 


line 2, intratr@heal pressure, Hiirthle mano- 
, : meter; line 3, time 10 sec. 
f | Graph A, Left cervical vagus cooled. Inhibitory reflexes absent, augmentor 
remain. Reversal of inflation reflex. Rate of rhythm: initial 18; closure at expira- 

F tion 27; inflation 27; deflation 33 per min. 
Graph B. Cooling off. Conductivity normal. Initial rate 18, 
with deflation 33 per min. 

Graph C. Left vagus again cooled. The same result as in graph A. Rate: initial 15; 
at expiration 24; with inflation 24; with deflation 30 per min. 

In all graphs: J, closure of tracheal outlet at inspiration; Z, closure at expiration; 
In, inflation of lungs; D, deflation of lungs. Stethograph record: inspiration up, 
expiration down. Read left to right. 


is no significant change in the rhythm with closure at inspiration and a 
well-marked increase in the frequency with closure at expiration. 

‘The effect of partial interference with conduction on the reflex to 
: volume change is more striking. While deflation is accompanied by the 
‘ characteristic augmentation in the frequency, inflation leads (in A and 


p.. slowing, while in graphs A and C where the conductivity is altered there 
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(C) to an immediate and well-marked acceleration of the rhythm in place 
of the normal inhibition of the breathing (graph B). 

The record shows very well the paradoxical reversal of the inflation 
reflex described by Head. 

The considerable changes in level of the tracings accompanying 
inflation and deflation shown on the stethograph record (upper line) 
merely indicate the movements of the point on the thorax to which the 
instrument was applied caused by the passive increase or decrease in the 
volume of the lungs. 

There “are considerable oscillations of intrapulmonary pressure 
accompanying closure at the outlet at expiration amounting at each 
inspiratory effort to —20 mm. Hg or more. The origin of the slow rhythm 
with closure at inspiration may be ascribed to the sustained inflation of 
the lungs; this cannot, however, be the explanation of the diminished 
frequency of the rhythm which is, usually, more marked than that shown 
in Fig. 1: observations which will be described in a later communication 
indicate that the inhibitory reflex effects are in this case excited by the 
pressure changes in the alveoli or air passages. Whatever may be the 
nature of the stimulus it is evident from the figure that the pastage of the 
inhibitory impulses through the vagus is blocked by the se to which 

the nerve was subjected. 


(2) Effect of faradizing the vagus during the recovery of conduction 

after (a) freezing, and (b) compression. 

(a) Fig. 2 shows the record of an observation in which one vagus 
was cut, frozen, and its response to excitation examined, the other 
remaining intact. The centre was therefore receiving the normal stimuli 
from one lung throughout the experiment. __ 

Graph A in the figure demonstrates the normal inhibitory effect of 
exciting the unaltered nerve, and immediately following this the complete 
blocking of the passage of all impulses by freezing; the nerve being 
faradized below the frozen area. The deep inspiration at the commence- 
ment of excitation is not infrequently seen. Borruttau [1909] describes 
the phenomenon as resembling a deep sigh and states that it occurs 
usually at the make and break of a constant current through the nerve. 
Similar deep inspirations are sometimes seen, occurring spontaneously, 
on the record of the breathing in anwsthetized animals. 

Graph B shows the effect of three successive stimulations made a few 
minutes after removal of the nerve from the cold wire, the nerve being 
excited below the recovering area. The frequency of the rhythm was 
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doubled without any significant difference in the depth of breathing. The 
marked slowing following the acceleration caused by the excitation is 
generally seen following the acceleration accompanying deflation. It is 
probably mainly apnoeic in origin but may also be partly due to the rise 
of blood-pressure which usually follows the accelerated breathing. 


Fig. 2. Blocking of inhibitory passage of augmentor impulses through vagus recovering 
r from freezing. Dog 5-4 kg. Medinal 1-2 g. : 
i | Line 1, stethograph on epigastrium; line 2, signal showing faradization; line 3, 
bellows volume record; line 4, time 10 sec. 

Graph A. Right vagus cut. Stimulation of central end before freezing and during 
f | freezing below frozen area. 

Graph B. Freezing off between A and B. Excitation below frozen area. Initial 
rate of breathing 24, during excitation 48 per min. 

tation 72 per min. 

Rate of excitation in all cases 10 per sec. 


Graph C shows the effect of excitation with a stronger current. The 
: nerve was first faradized at b, below the recovering region, and with the 
stronger current used the frequency was trebled. At a the same stimulus 
i. was applied above the altered area, that is on a part of the nerve beyond 
g | which the conductivity was normal, the usual expiratory standstill is 
5 seen. This can only be interpreted as meaning that the passage of 
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impulses through fibres of the vagus carrrying inhibitory impulses was 
blocked, the conductivity of other fibres carrying augmentor impulses 


Fig. 3. Effect of stimulation of the vagus after partial blocking of conduction by com- 

pression of the nerve. Dog 5-1 kg. Medinal 1-1 g. 

Line 1, carotid blood-pressure; line 2, stethograph; line 3, signal for excitation; 
line 4, bellows record (ventilation); line 5, time 10 sec. 

Graph A. Initial condition. Left vagus cut. Central end faradized. 

Graph B. Excitation below compressed point. Complete blocking. 

Graph C. Five minutes after removal of clamp. a, excitation above, 6, below, 
compressed area. 

Graph D. After section of right vagus (left cut previously). a, excitation of left 
vagus above, 6, below, compressed area. 

Coil distance on signal line. Rate of faradizm 10 per sec. : 

Frequency of respiration in C: initial 18, during excitation 42 per min. 

Frequency of respiration in D: initial 12, during excitation 22 per min. 


(6) Fig. 3 shows the results following compression of one ‘vagus to an 
extent which during compression was sufficient to block the passage of all 
impulses. | | 
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As in the last experiment (Fig. 2) one vagus was cut low down in the 
neck and the effects of its compression observed. The other vagus re- 
mained intact except in the observation shown in — D of the figure 
when both were cut. 

Graph A shows the effect of faradizing the vagus before compression 
with the normal expiratory standstill. The clamp was then applied about 
2em. above the point of section and was gradually screwed up. At 
intervals during the compression the part of the vagus below the clamp 
was faradized until, as shown in graph B, no change in the rhythm oc- 
curred, conduction of all fibres being abolished. 

After removal of the clamp it was found that stimulation below the 
area recovering from compression produced a very marked augmentation 
in the frequency of the breathing, the rate rising immediately from 18 to 
42 per minute (6 in graph C of Fig. 2). On the other hand excitation above — 
the compressed area produced the normal inhibitory effect (a in Fig. 2). 
The same fact, namely that the passage of impulses inhibiting respiration 
is blocked by some change in the nerve fibres caused by compression, is 
demonstrated in graph D, a record made after section of both vagi. 

Excitation at 6 was accompanied by an increase in frequency of the 
breathing to 22 per minute, a rate slightly greater than before vagotomy. 
This appears to support the view that the slowing after section of both 
vagi is due to the cutting off of augmentor impulses. The fact that the 
acceleration was considerably less on excitation with both vagi cut than 
occurred when one was intact (graph C) may be due in part to the 
greater ventilation in the former, but may also be ascribed to the 
reception by the centre of the normal augmentor impulses arising in the 
right lung with which it was still connected. 

Certain points of interest are shown by the blood-pressure tracing 
recorded in this observation. It will be seen in graphs A, C and D that 
where inhibition of the respiratory rhythm accompanies excitation of the 
vagus a slight fall of arterial blood-pressure occurs, an increased fre- 
quency with excitation, however, being accompanied by a distinct rise of 
pressure. Had the change in the respiration been related to a change in the 
blood-pressure the reverse would have been the case. Sharpey-Schafer 
and Bain [1932] have iu fact shown that the increased frequency of the 
rhythm accompanying deflation of the lungs is not in any way related to 
the reflex effects of changes in the blood-pressure. 

In graph B it will be observed that the compression blocks the 
_ passage not only of all impulses affecting respiration but also affects 
the fibres carrying vasomotor influences; but that after removal of the 
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pressure (C and D) while the conductivity of the fibres carrying impulses 
augmenting respiration and of those carrying vasomotor impulses is 
restored, apparently simultaneously, the passage of impulses inhibiting 


breathing remains blocked. Heinbecker and 
O’Leary, as mentioned above (p. 296), associate 
the resistance to compression of the fibres of the 
vagus carrying the vasomotor impulses with 
their small calibre as compared to those carrying 
the normal afferent impulses from the lungs: the 
observations described in this section clearly 
suggest that the fibres carrying the augmentor 
influence to the centre are of the same small 
calibred type, and that the comparative rapidity 
with which they recover from compression or 
freezing is related to this anatomical character. 
Our observations differed from those of these 
authors in that, whereas they observed the dif- 
ferential blocking of the fibres composing the 
vagus as the pressure increased, we did not see 
this with the type of clamp used, our results 
depending on the difference in the rate at which 
recovery of conductivity took place after removal 
of the pressure. Within the time limits of the 
experiments carried out (more than 2 hours) we 
did not in fact observe the recovery of the in- 
hibitory fibres. 

It will be observed that in the observations 
illustrated in Figs. 2 and 3 that while the rate 
of the rhythm is much increased by excitation 
below the altered area the depth of inspiration 
is not affected. This appears to agree with the 
view we have expressed [1932] that the aug- 
mentor influence acts only on that part of the 
centre controlling the rate of the respiratory 
rhythm. 

The record shown in Fig. 4 is from an isolated 


Fig. 4. Effect of stimulating 
vagus with faradic currents 
at different rates. State of 
nerve abnormal. Same ani- 
mal as in Fig. 2. 

Upper tracing: carotid 
blood-pressure. Hiirthle 
manometer. Second: signal. 
Third: bellows recorder. 
Fourth: time 10 sec. 

Stimulation at a, 50 in- 
terruptions per sec.; at 
b, 10 per sec. Initial rate 


of respiration 30. Acceler- . 


ated rate at b, 60 per min. 


observation on the left vagus of the same animal as that from which the 
record shown in Fig. 2 was made, at the end of that experiment after both 
vagi had been cut. The left vagus, which was thought to have been 
slightly damaged by manipulation or stretching during preparation, was 
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excited near the central cut end by faradic currents of the same strength 
but of different rates. At a in Fig. 4 the rate of faradization was 50 per 
second, a well-marked inhibition of respiration in the expiratory phase 
resulting, at b the rate was 10 per second. With this slow rate a consider- 
able augmentation in the frequency of the rhythm of respiration occurred. 
The nerve had not been subjected to freezing or to intentional compres- 
sion and the excitation, in both cases, was applied at the same point on 
the nerve, an interval of only 10 sec. separating a and b. 

Whatever may have been the condition of the nerve which led to this 
result, which has not been obtained in other cases, it cannot be explained 
except by assuming the presence of two types of functionally, and prob- 
ably anatomically, different nerve fibres. 
' Fig. 5 is from an observation on a rabbit in which both vagi were 
blocked by freezing. 

_ The respiration was recorded by the diaphragmatic slip method, both 
slips being attached to the recording apparatus. _ 7 

Graph A shows the effect of freezing the two vagi. Two thermodes 
were used. The characteristic effect of blocking first one and then the 
other vagus is seen. That the conductivity of all fibres was abolished is 
shown by the absence of any change in the rhythm accompanying the 
volume changes in the lungs. The freezing was maintained for 5 min. 
It will be observed that the removal of the nerves from the cold wires 
(graph B) is followed within a few seconds by a marked increase in the 
frequency of the rhythm from 18 to 26 cycles per minute. Graphs C and 
D show the effect of volume changes and closure at the outlet respectively. 

It will be seen that deflation by a negative intrapulmonary pressure 
of —8 mm. Hg is accompanied by an increase in frequency while there is 
no reflex effect of any kind with either inflation or closure at the outlet. 
It is evident that while the vagi are not completely blocked to the 
passage of augmentor impulses the conductivity to inhibitory impulses is 
abolished. The reversal of the inflation reflex and of the reflex to closure 
of the tracheal outlet at expiration shown in Fig. 1, graph A, are both 
absent. Head [1889], as mentioned above (p. 296), states that this pheno- 
menon (reversal) is not seen if the freezing is prolonged. It is probable 
therefore that its absence in this experiment is related to the fact that 
the application of cold was of considerably longer duration than in the 
observation shown in Fig. 1. 

The results of faradizing the vagus above and below the altered area 
are shown in graphs E and F. The record in F was made after section of 
both nerves. In C both were intact: The two effects are identical demon- 
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strating that the acceleration in the first case (G) was not due to the 
excitation of efferent cardiac or other fibres which might have caused a 
fall in the blood-pressure. The result is confirmatory of that illustrated — 


Fig. 5. Blocking of vagus reflexes from the lungs during freezing with subsequent re- 
covery of fibres carrying impulses augmenting the frequency of respiration. Rabbit 
1-5 kg. Medinal 0-75 g. subcutaneous. 3 

In all graphs: upper line diaphragmatic slip; lower line time 2 sec.; middle line 
in A, B, C and D intratracheal pressure, Hg manometer; E and F signal. 

Graph A. At first arrow right vagus frozen, at second arrow left vagus followed 
by deflation and inflation of lungs. All impulses blocked. — | 

Graph B. Vagi removed from thermodes at arrow mark. Initial rate of respira- 
tion before removal 20, after 30 per min. 

Graph C. Inhibitory reflex absent. Partial recovery of augmentor reflex. Initial 
rate 30, with deflation 40 per min. 

Graph D. No closure reflex effects. 

Graph E. Both vagi still intact. Excitation of left vagus above and below area 
recovering from freezing. Increased frequency with excitation below from 40 to 
54 per min. 

Graph F. Both vagi cut. Excitation of central end of left vagus b, below, a, above, 
recovering area. Initial rate 36, with excitation at below 57 per min. Excitation 
above normal inhibition. 


in Figs. 1 and 2, namely that during recovery of conductivity the passage 
of impulses through fibres carrying inhibitory impulses is blocked, the 
passage of augmentor impulses being unaffected. ) 
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The passage of these augmentor impulses must be regarded as 
accounting for the change from the slow vagal rhythm to a quicker rate on 
the removal of the complete block caused by freezing seen in graph B. | 
No other explanation seems possible in view of the fact that all other 
influences from the lungs were excluded. The observation supports the 
view we have put forward that the slowing of the respiration following 


Fig. 6. Excitation of pulmonary vagus. Dog 5} kg. Medinal 1-1 g. (intravenous). 
Line 1, carotid blood-pressure. Hiirthle manometer; line 2, stethograph; line 3, 
signal showing excitation; line 4, intratracheal pressure, Hg manometer; line 5, time 10”. 
Graph A. Right pulmonary vagus ligatured. Effect of inflation and deflation of 
lungs during recovery of left cervical vagus from freezing. Inflation reflex reversed. 
Between A and B. Left cervical vagus cut. Right cervical vagus frozen and 
Graph B. Faradization of right pulmonary vagus during recovery of cervical 
vagus from freezing. Acceleration of breathing. 
Graph C. After an interval of 15 min. during which recovery of conduction in 
right vagus took place. Faradization now produces inhibition. 
Graph D. After section of right cervical vagus. Pulmonary vagus excited. To show 
that previous effects were not due to spread of current from intrathoracic electrodes. 


vagotomy is due not to the absence of inhibitory control but to the 
absence of an influence which augments the excitability of the respiratory 
centre. | 
The observation recorded in Fig. 6 demonstrates that the fibres of the — 
vagus the excitation of which causes acceleration of the breathing are of 


pulmonary origin. 
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_. The thoracic vagus below the origin of the cardiac fibres was ligatured 
close to the root of the lung. Carefully insulated electrodes were attached 
centrally to the ligature and the rubber-covered connections brought out 
through the thoracic wound which was then closed. Previous to the record 
in graph A the left cervical vagus was frozen. Graph A shows the effect 
_of the inflation and deflation during the recovery period following removal 


of the nerve from the cold wire. A definite increase in the frequency of — 


respiration is shown during inflation (reversal of the reflex), a more evident 
increase with deflation, the absence of any inhibitory reflex with inflation 
showing that the ligature on the right pulmonary vagus was effective. The 
left vagus was cut and the right cervical vagus frozen for a short period. 

Graph B shows the effect of faradizing the pulmonary vagus shortly after 
removal of the cervical vagus from the cold wire, graph C, after an interval 
of 15min., when recovery of conduction had taken place. In B well- 
marked acceleration of the rhythm occurred, in C the inhibitory effect of 
exciting the normal nerve. The pulmonary origin of the fibres of the 
vagus, the excitation of which led to the increased frequency of breathing 
in this and other experiments, was verified as follows. With the cervical 
vagus partially blocked, (a) excitation of the thoracic vagus above the 
root of the lung caused accelerated breathing, below had no effect, 

(6) acceleration was also produced by excitation of a branch from the 
~ lung before its junction with the thoracic vagus. 


Discussion. 


In describing the various experiments of which records are given 
above, we have commented on the results obtained. The salient feature 


of these observations is that a differential change in the conductivity of 


the vagus is produced by cooling and during recovery from freezing or 
compression whereby the passage of inhibitory impulses is completely 
blocked. The reflex effects accompanying volume or other changes in the 
lungs must therefore differ from those which occur normally owing to the 
absence of the predominant inhibitory influence. This is seen not only 
by the accelerating effect of direct excitation of the vagus below the 


altered area and by the absence of the well-known effect of inflation, but 


also, as may be seen on comparing graphs A and C with B of Fig. 1, the 
increased depth of inspiration due to the absence of the normal reflex 
effect of the inspiratory expansion of the lungs. 


‘That the augmentor impulses are constantly present with the lungs: 
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through the partially blocked vagus is demonstrated by the results 
described. If this influence were absent the effect (of cooling for example) 
would be the slow rhythm of vagotomy. Actually if, in Fig. 1, graph B 
(normal nerve) be compared with graphs A and C (cooled) the frequency 
of the breathing will be seen to be the same. This is also demonstrated by 
the observation shown in graph B, Fig. 5, in which removal of the com- 
plete block to conductivity is at once followed by marked increase in the 
rate of the rhythm. That in this particular case the rate did not reach 
that which existed before the nerves were frozen may be explained as 
due to the incomplete recovery of conduction in the augmentor fibres. 

While in the obsérvations referred to there was either no change or a 
decrease of the frequency of respiration no case has been observed in 
which an increase in the frequency occurred when the inhibitory influence 
had been completely eliminated, by cooling or other means, and the 
accelerator only remained. The fact that there is no such change indicates 
that at the normal baseline of expiration a tonic inhibitory influence is 
absent or is present to an extent which has no significant effect on the 
breathing?. 

The conclusion that this influence is usually absent except when 
aroused by expansion of the lungs is supported by Adrian’s earlier 
results [1926] which gave no evidence of any impulses passing up the 
vagus during the expiratory pause. In his later work [1933] he finds that 
during quiet breathing impulses at a low level of intensity are present 
during the latter part of the cycle, but are absent if the baseline of ex- 
piration is lowered in dyspnoeic conditions. 

In our former communication it was suggested that while the in- 


_ hibitory influence increased proportionately to the expansion of the lungs 


the augmentor impulse probably remained in general at a constant level 
of intensity, being unaffected by changes in the volume of the lungs. The 


1 Section of the vagi in the cat is stated to be not uncommonly followed by no marked 
slowing of the breathing. Assuming our views to be correct, this might be explained by the 
presence of a tonic inhibitory and augmentor influence of equal effective action on the rhyth- 
mic centre, or that just as the inhibitory influence is usually absent, so in certain animals or 
under some conditions the augmentor influence may also be absent at the level of expansion 
reached in normal expiration. The latter is in our opinion the more probable explanation. 
A. Samaan (verbal communication), using the air-chamber method [1928], has observed 
in cats, in which subsequent section of both vagi caused no significant change in the rate 
of respiration, that deflation caused the usual well-marked acceleration of the rhythm. Ifa 
tonic augmentor stimulus be absent in some cases this observation supports the view, which 
for other reasons given in this paper we now hold, that the increase in rate accompanying 
collapse of the lungs is due to the progressive increase in the excitation of the augmentor 
terminations by the change in volume of the lungs. 
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increasing frequency of respiration with deflation was ascribed to the 
progressive diminution of the inhibitory and consequent increasing pre- 
dominance of the augmentor influence. If this were so it would imply the 
presence, in some degree, of an inhibitory influence at any level of ex- 
pansion which has already been shown to be unlikely; it would also be 
expected that as a result of the elimination of the inhibitory influence, a 
more frequent but uniform rate of rhythm would exist (as in Figs. 1 and 6) 
whatever the volume the lungs reached either in expansion or collapse. 
This is not however the case, the rhythm may remain unaltered at the 
normal level of expiration but in whatever direction a change of volume of — 
the lung is produced, acceleration of the breathing takes place. That this 
phenomenon, the reversal of the inflation reflex, first described by Head 
[1889], is primarily due to the cutting out of the inhibitory reflex effect of 
expansion is evident, its occurrence however can only be accounted for on 
the assumption that a change of tension in the lung tissues, or possibly 
a change of intrapulmonary pressure in either direction, excites the termi- 
nations of the augmentor fibres of the vagus leading in each case to an 
increase in the frequency of respiration. The phenomenon requires 
further investigation but, in view of the fact that the increase in fre- 
quency is not asphyxial and is not related to blood-pressure changes, we 
are unable to offer any other explanation than that suggested. | 

A clear distinction must be drawn between the accelerator effects of 
deflation and of excitation of the augmentor fibres of the vagus and in- 
spiratory reactions such as those described in the historical section of this 
paper or those which arise from sudden and complete collapse of the 
lungs. An inspection of the figures illustrating the response to excitation 
of the augmentor fibres of the vagus, after the inhibitory fibres have been 
blocked, shows that this is a pure acceleration without any significant 
change in the depth of inspiration or any other indication that the in- 
fluence conveyed by these fibres affects any centre except the upper or 
rhythmic part of the respiratory centre concerned solely with the control 
of the rate of respiration. It is possible that the stimuli arising in the 
augmentor terminations in the lungs may in the unanesthetized animal, 
as suggested in the historical section of this paper, spread to higher 
centres than those of the mid-brain; nothing however which has been 
observed in the experiments now recorded suggests that any inspiratory 
reflex is concerned in the mechanism of normal respiration. 

In commenting on Figs. 4 and 5 we have, on the basis of the ob- 
servations of Gasser and Erlanger [1929], given reasons for thinking 
that the fibres of the vagus carrying the augmentor impulses are of small 
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calibre as compared to those carrying inhibitory impulses. That electrical 
variations corresponding to the former impulses must be present both 
during the expiratory pause and during deflation is evident, and it seems, 
therefore, probable that the failure to detect their presence is, as Adrian 
himself suggests as a possibility, related to the fine character of the fibres 
which convey them. An examination of the electrical changes in the 
vagus above a point on the nerve at which the conductivity has been 
altered by the procedures described occurring during quiet breathing 
or deflation of the lungs might obviously yield results of considerable 
interest. 3 

We have at present no data as to the structural or other changes in 
the vagus following freezing or compression upon which an explanation of 
the differential interference with the conductivity of the two types of 
nerve fibres might be based. | 

It will be seen that the experimental results described confirm the 
view expressed in our former paper [1932] regarding the part played by 
the vagus reflexes in the control of normal breathing, namely that the 
respiratory centre, consisting of two functional parts, is under the control 
of two influences. One is intermittent, limiting the depth of inspiration 
by its inhibitory action on the lower centre; the other is continuous, 
exerting a tonic augmentor influence on the upper or rhythmic centre, 
raising its excitability to the chemical stimulus and so increasing the 
frequency of its intrinsic periodic discharge to the lower centre. The 
observations also confirm the view that the slow breathing following 
section of both vagi is due to the cutting off of this augmentor influence. 


SUMMARY AND CONCLUSIONS. 


1. Methods are described by which a differential change in the con- 
ductivity of the cervical vagus is produced. The passage of inhibitory 
impulses may be completely blocked while augmentor impulses, which 
increase the frequency of respiration, either arising in the lungs from 
deflation or excited by direct stimulation of the vagus, can still pass. It 
is concluded that the vagus contains two sets of nerve fibres; the one 
carrying augmentor impulses to the centre, the other inhibitory. Reasons 
are given for believing that the former are of small calibre. 

2. The discrepancy between the results of those authors who record 
inspiratory reactions to excitation of the vagus and those who record 
expiratory standstill is discussed. This is related to the degree of 
anesthesia and it is suggested that the inspiratory reactions arise centrally 
at a higher level in the nervous system than the mid-brain. 
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3. Evidence is adduced, from the effect on the rate of the rhythm © 


of the procedures described, ‘that, while an augmentor influence is 
constantly reaching the respiratory centre (rhythmic part) from the 
lungs, no inhibitory impulses are present at or below the level of normal 
expiratory expansion. It is concluded that (a) the slowing following 
vagotomy is due to the loss of the augmentor influence, (6) the accelera- 
tion of the breathing with collapse of the lungs is not due to the diminu- 
tion of an inhibitory influence but to the increase in an augmentor 
stimulus. 
4, The reversal of the inflation reflex, “the paradoxical phenomena 
of Head,” is shown to arise from the elimination of the inhibitory effect 
of expansion of the lungs. Its occurrence seems to imply that the 
terminations of the augmentor nerve fibres in the lungs are excited on 
inflation as well as on deflation. 
5. The reversal phenomenon and the effects of direct excitation of 
the vagus indicate that the inhibitory stimulus, when present, dominates 
the augmentor in its effect on that part of the respiratory centre control- 
ling the rhythm. These two opposed influences may be compared to the 
dual action of the autonomic nervous system on peripheral tissues. 


We have to thank Prof. G. V. Anrep for his interest in our observations. 
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AND SPLANCHNIC INNERVATIONS'. 


By ADLI SAMAAN (Fellow of the Rockefeller Foundation). 


(From J. F. Heymans’ Institute of Pharmacology, University 
of Ghent.) 


(Received September 24, 1934.) 


THE experiments described in the present paper were mainly performed 
in order to test the different theories advanced to explain the cause of the 
cardiac acceleration during muscular work. The effect of a “standard”’ 
exertion upon the heart rate was studied before and after the elimination 
of a part, or the whole, of the cardiac nerves. Hormonic -— metabolic 
influences were also taken into consideration. 


METHODS. 


Eighteen dogs weighing from 8 to 17 kg. were trained to run in a 
treadmill. The heart rate was recorded by means of a portable electro- 
cardiograph (Siemens) fitted with special needle electrodes; in some cases 
the exteriorized carotid method was used. The.respiratory movements 
were counted, or recorded by a stethograph. The blood-pressure was 
determined by laying the dog gently on its back and making a puncture 
of the femoral artery in the groin with a syringe needle connected to a 
mercury manometer [Heymans and Bouckaert, 1931]. The rectal 
temperature was recorded with a sensitive thermometer of a convenient 
shape. Dogs were fed once a day and experiments were performed 
18 hours after the meal in order to avoid the cardio-accelerating effect af 
foodstuffs [Popielski, 1909; Moore, 1929]. 

The revolutions of the treadmill were automatically recorded. The: 
plane of inclination was adjusted so that whenever the animal ran 1 metre 
on the moving belt it would have ascended 15 cm. high. Each dog had 


1 Preliminary report: C. R. Soc. Biol,, Paris, 1984, 115, 1249. 
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its own standard work. This was generally determined by driving the 
treadmill as fast as possible until the animal started panting. The period 
of work and the rate of the treadmill being noted, the dog was allowed to 
continue running for an equal interval of time and at the same speed. The 
standard exercise proved quite satisfactory since it was repeatedly found 
to be accompanied with almost identical changes in the heart rate, breath- 
ing and body temperature. In general, records were taken before the 
onset of running, during the last half-minute of work and for the 30 min. 
which followed the end of the exercise. In some cases, however, the 
cannulated carotid method was used in order to record the pulse rate and 
blood-pressure continuously throughout the period of work (series i). 
Dogs were then operated upon, and later the standard exercise was 
repeated. The operations on the chest and abdomen were carried out under 
strict aseptic precautions; ether anesthesia was employed’. Finally the 
dogs were sacrificed and post-mortem examinations were performed in 
order to ascertain correct interpretation of the observations made during 
life. In one case evidence of a complete operation was doubted, and 
naturally all the data obtained from that dog were discarded. 

The maximal endurance for the performance of work was determined 
by allowing the dogs to run for prolonged periods until they were 
exhausted [Cam pos, Cannon, Lundin and Walker, 1929]. The energy 
expenditure was calculated from the formulae of Slowtzoff [1903] and 
Zuntz [1903]. 


(i) MuscuULAR WORK IN NORMAL DOGS. 


Preliminary observations were made on all animals. Later on, fourteen 
dogs were operated upon whilst the other four (dogs B, C, D and I) were 
kept as controls which, however, were finally employed for a more 
detailed study. This was to expose a common carotid artery in the neck, 
under light ether anesthesia, and fix a glass cannula in its cardiac end. 
In most cases the vagi nerves were also exposed and loosely surrounded 
by threads. Three hours after recovery the dogs were as playful as they 
used to be, and were apparently suffering from no discomfort. The 
cannulated artery was then connected to one end of a Y-shaped glass 
cannula through a pressure tubing which was supported by an assistant. 
The other two limbs of the Y-piece were connected to a Hiirthle’s mano- 
meter and to a mercury manometer. When the artery was unclamped, 

2 The operations were performed for the greatest part by Drs Bacq (Liége), Bouckaert 


(Ghent), Brouha (Liége), Prof. Heymans (Ghent) and Nowak (Boston), to whom I 
express my sincerest acknowledgment. . 
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tracings of heart rate and blood-pressure could be recorded continuously 
(Fig. 1). 

The average heart rate during quiet standing presents wide individual 
variations; it is generally about 90 beats per min., but rates of 75 and 
140 are met with. The respiratory cardiac arrhythmia is usually marked. 
As soon as the animal starts running the heart shows an initial abrupt 
tachycardia (acquiring a rate of 200-240 within the early 3 sec. of work), 
then a temporary slowing down to 150-180 for a few seconds (Fig. 1 B) 
and finally a steady progressive increase in its rate throughout the period 
of exercise. When the exertion is discontinued the heart suddenly slows 
down to reach the normal within 7-12 min. (Fig. 1 K). The sinus arrhyth- 
mia disappears during work but reappears 4-7 min. after its conclusion. 
The electrocardiogram exhibits a definite shortening of the p.R. and the 
R.T. intervals during the tachycardia, 

The maximal endurance tests show that normal dogs can perform an 
amount of work three to four times as much as the standard and that the 
_ heart rate may reach a value of 320 beats per min. In this test the return 
of the cardiac frequency to the normal presents certain peculiarities; at 
first there is an abrupt slowing to a rate of 140-155 (within 20-30 min.) 
and then it decreases very gradually to reach the normal rate after 
60-90 min. This phenomenon will be discussed later. 

The respiratory rate during quiet standing varies from 14 to 30 per 
min. The changes taking place while running cannot be followed very 
accurately because the movements of the animal displace the stethograph. 
Dogs, however, definitely pant during the later half of work; and when the 
treadmill is stopped the rate of breathing may be as fast as 260-350 per 
min. (Fig. 1K). The return to the normal frequency occurs within 
9-17 min. 

Blood-pressure in normal dogs oscillates between 120 and 150 mm. Hg. 
At the onset of work it rises more or less abruptly and attains a maximal 
level (20-30 mm. Hg above normal) within 2-4 min. Then it declines 
gradually, and may reach the resting level towards the end of the exercise. 
An immediate fall, even to a subnormal value, takes place after the 
conclusion of work and is maintained for a few minutes. The recovery 
occurs within 25-40 min. (Fig. 1 K). 

Rectal temperature. There is hardly any rise of temperature during the 
first half of the “standard” work (0-05°-0-15° C.). Towards the end it is 
usually 0-25°-0-35° C. higher and may reach its maximal level (0-45°- 
0-70° C.) within 4-8 min. after the conclusion of running. It returns to 
normal in 20-30 min. (Fig. 1 K). 
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Fig. 1. x%. Muscular work in normal dog; cannulated carotid method. Dog B. 12 kg.; 


energy expenditure = 15,246 kg.m.; duration=11 min.; 7. =time record in 3 sec.; Resp. = 
respiratory movements; H.R.=heart rate with Hiirthle’s manometer; B.P.=blood- 
pressure; 8. =signal recording the revolutions of the treadmill, each mark indicates a 
running distance of 120 cm.; room temperature =14° C. A. The arrow + indicates the 
onset of running. B. The lst minute of work. C. The 2nd minute. D. The 7th minute. 
E. The 11th minute; the arrow | indicates the end of work. F. The lst minute of 
recovery. G. The 4th minute. H. The 7th minute. I. The 10th minute. J. The 14th 
minute. K. Graph showing the changes associated with muscular work, the data of 
which are taken from a similar tracing to that shown above, the abscissa is time in 
minutes. Rect..T.=rectal temperature. It may be noted that although the stetho- 


gram during work is unrelinbhe, the waves on the blood-pressure record may show the 
rate of breathing. 
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_ Psychical influences. Each dog is placed in the stationary treadmill 
and is allowed to stand on a flat wooden board, which is fixed in an 
inclined plane 3 em. above the belt of the treadmill and parallel with it. 
When the electric motor driving the treadmill is switched on, the dog 
evidently does not run, but is subjected, however, to practically the same 
surroundings accompanying the ordinary exercise. Observations made 
under such conditions of ‘‘false work” show that as soon as the treadmill 
is set into motion the heart and the respiration exhibit an immediate 
transient acceleration which only lasts for about 5-10 sec. The blood- 
pressure shows little or no change, while the rectal temperature is un- 
affected. It is evident that psychical factors may play a part in the 
initial tachycardia which takes place during the early few seconds of 
running. 


(ii) MuscULAR WORK IN DOGS DEPRIVED OF THE CARDIO-INHIBITORY 
VAGAL INNERVATION. 


The vagal innervation was eliminated either pharmacologically 
(atropine) or surgically (double vagotomy), After either procedure the 
capacity for the performance of work is greatly reduced, and not un- | 
commonly dogs exhibit signs of fatigue quite early. 

A. ATROPINIZED Docs. Observations were made on all the — 


H eart rate. The intravenous administration of sinnihe sulphate 
(0-2 mg. per kg.) is immediately followed by an intense tachycardia which 
will stabilize—within 15-20 min.—at a rate of 180-220 beats per min. 
and which will be maintained for at least 50 min. In most cases, however, 
another injection of atropine (0-1 mg. per kg., 1.v.) is given 25 min. after 
the first dose in order to prolong the period of vagal paralysis. The cardiac 
frequency during rest is 180-220 beats per min. and shows no sinus 
arrhythmia, It exhibite-@ gradual steady acceleration which develops a 
few seconds after the onset of work and which will reach a value of 
250-280 beats per min. at its end (Fig. 2 C, D). It returns to normal in 
8-14 min. and, not uncommonly, it may present periodical variations 
(Fig. 3 ii). The paralysis of the vagal endings in the heart is always 
confirmed after these observations by administering intravenously large 
doses of pilocarpine nitrate (0-2 mg. per kg.) or of acetylcholine (0-001 mg. 
per kg.) which fail to affect the heart rate. 

Respiration, blood-pressure and rectal temperature. The changes asso- 
ciated with work present no fundamental differences from the normal 
reactions, except that they are slightly accentuated with atropine. 
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Psychical influences. The onset of the “false work” has no immediate 
effect on the heart rate. It shows, however, a negligible delayed accelera- 
tion (5-12 beats per min.) appearing about 25 sec. after the commence- 
ment of turning the treadmill, and lasting for about 10-15 sec. (Fig. 2 B). 
The rectal temperature is unaffected. 

B. vagotomy Dogs, Observations were made on five dogs 
during the three days which followed the operation. Under ether narcosis, 
a carotid artery was cannulated and the vagi nerves were carefully iso- 
lated. In dogs L, M and P the nerves were cut, while in animals R and S 
they were preserved and were surrounded with silk threads. Five hours 
after recovery from ether dogs R and S, the nerves of which were intact, 
ran quite willingly, and the changes associated with the standard work 
_ were practically identical with those frequently observed in the same 
animals before any surgical interference. Then a solution of 1 p.c. percaine 
was applied to the nerves and, when the acceleration of the heart and the 
slowing of the respiratory movements were fully established, the nerves 
were severed at the site of cocainization. 

On running, the freshly vagotomized dogs R and S exhibit signs of 
early exhaustion—exactly as L, M and P show. Some animals (M and R) 
become cyanotic and finally fall unconscious. The others, however, per- 
form about half the exercise and then refuse to run, allowing themselves 
to be dragged on the moving belt. On the following days dogs were 
encouraged to run and, not uncommonly, they succeeded in performing 
the “standard” work with great difficulty. 

The heart rate, blood-pressure and rectal temperature. The records taken 
- during quiet standing and the changes which accompany the standard 
exercise in these vagotomized dogs are practically superimposable on 
those of atropinized animals. It is noted, however, that under conditions of 
cyanosis, the heart rate at the end of work may be found—in some cases— 
slower than it is during rest. This phenomenon will be discussed later, 
and in any case it is only transient. 

Respiratory rate during quiet standing is very slow (4-9 per 


(9-15 per min.), 

The tachycardia of exercise occurring in animals deprived of the vagal 
innervation should not necessarily be interpreted as due to an augmenta- 
tion of the cardio-accelerator tone; thus a concomitant liberation of one 
or more of the sympathico-mimetic substances may take place, and in an 


attempt to rule out such influences the following series of operated animals 
were employed. 


min.). Just after the conclusion of work it is slightly saoalided 
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Fig. 2. x}. Atropinized dog; cannulated carotid method. The same dog (B) from which the 
tracing of Fig. 1 was taken. 1. =time record in 3 sec. ; 8. =respiration; H.R. =heart rate; 
B.P. = blood-pressure; 8. =signal recording the revolutions of the treadmill. A. Shows 
the effect of atropine (given intravenously at Atr.). B. Psychical influences in atro- 
pinized dog; the arrow + indicates the onset of “false work.” C. Shows the onset 
of running as indicated by the arrow +. D. Taken during the 11th minute of work, 
while the arrow | indicates the end of running. 
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(iii) MuscuLAR WORK IN DOGS DEPRIVED OF THE SYMPATHIOCO- 
HEPATIC, ADRENAL AND THYROID INNERVATIONS. 


- Observations were made on two dogs (N..A.S. and W. F.). The 
denervation of the liver, suprarenal glands and the accessory adrenal 
tissue was established by extirpating both abdominal sympathetic 
chains from the level of the diaphragm to the promontory of the sacrum 
and by the excision of all the splanchnic nerves [Cannon and Uridil, 
1921; Cannon, Lewis and Britton, 1926; and Rosenblueth and 
Cannon, 1934]. The thyroid gland was denervated by stripping off 
the cervical sympathetic chains from the region of the base of the © 
skull, downwards to the middle of the neck. Animals performed the 
standard work easily; and the maximal endurance test was practically 
unaltered. 

The average heart rate at rest is about 80-95 beats per min. and exhibits 
a marked sinus arrhythmia. The maximal frequency which takes place 
during the last half-minute of the standard work does not exceed 155- 
180 beats per min. and shows no arrhythmia. The return to normal occurs 
6-10 min. after the conclusion of work (Fig. 3 iii). The arrhythmia re- 
appears early during recovery (2-4 min.). 

The electrocardiogram, respiration, blood-pressure and the rectal 
temperature. The changes associated with wee are practically the same 
as in normal animals. 


(iv) MuscuLaR worK IN DOGS DEPRIVED OF THE CARDIO-VAGAL, 
SYMPATHICOHEPATIC, ADRENAL AND THYROID INNERVATIONS. 


Observations were made on the same animals (N. 4: 8. and W. F.). 
The vagal innervation was suppressed by atropine. Animals ran the 
standard exercise with difficulty, showing intense signs of exhaustion. — 

_ ‘The heart rate, while standing quietly, is about 175-195 beats per min. 
and shows no arrhythmia. The maximal acceleration which occurs during 
work has never exceeded the resting rate by more than 18-29 beats per 
min. It returns to normal in 8-10 min. after the conclusion of running 

(Fig. 3 iv). 

Respiration, blood-pressure and rectal temperature. The changes ac- 
companying muscular exercise are identical with those observed in 
animals of series ii. 
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-(v) MuscuLaR WORK IN DOGS DEPRIVED OF THE CARDIO- 
ACCELERATOR SYMPATHETIC INNERVATION. 

It was generally believed that all the cardio-accelerator nerves pass 
through the stellate ganglia towards the heart [Hering, 1895; Gasser 
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Fig. 3. The effect of standard work on the heart rate under different experimental conditions. 
Dog N.A.S. 12 kg.; energy expenditure = 14,175 kg.m.; duration=12 min. Ordi- 
nates = heart rate per min.; abscissae =time. s.=quiet standing. The two arrows | | 
denote the interval of running for 12 min. - Recovery=time in min. (i) Standard 
work under normal conditions. (ii) After elimination of the vagal tone. (iii) After 
extirpating the splanchnic nerves and the abdominal sympathetic chains. (iv) After 
the abolition of the cardio-vagal, splanchnic and the abdominal sympathetic in- 
nervations. 


and Meek, 1914; Tigerstedt, 1921]. Evidence, however, has been 
brought recently to show that accelerator nerve fibres take a direct path 
from the upper thoracic sympathetic ganglia to the heart’ [Dresbach “| 
1 Frangois-Franck [1884] claimed the presence of accelerator fibres which pass iy 
H directly from the brain to the heart along with the vagi nerves. A few experiments per- 
pee formed on spinal dogs (by Dr Nowak and myself) supported this view. The results were 
confirmed and extended by Jourdan and Nowak [1934]. These fibres, however, do not 
seem to exert any tonic effect on the heart under normal conditions, and can only be brought 
into activity by very drastic means such as complete anzmia of the brain for about 2 min. 
21-2 
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and Waddell, 1926; Cannon, Lewis and Britton, 1926; Ionescu and 
Enachescu, 1928; White, Garrey and Atkins, 1933). 


Observations were made on two dogs (H and K). The cardio-accelerator 


mechanism was eliminated by extirpating the proximal parts of the 
thoracic sympathetic chains down to the level of the seventh rib according 
to the technique of Cannon, Newton, Bright, Menkin and Moore 
[1929]. The animals made a rapid recovery, and a fortnight after the 


Fig. 4. x 1. Effect of extirpating the cardio-accelerator innervation on the heart rate and 
blood-pressure; femoral puncture method. Dog K. 9-5 kg.; upper tracing =stethogram, 
upstroke indicates inspiration; middle tracing = blood-pressure and pulse-rate record 
taken with a syringe needle connected to a mercury manometer; lower tracing = time 
record in 3 sec. A. Tracing from @ normal dog during rest (November 24th, 1933). 
B. Tracing from the same dog 18 days after the operation (series v) taken on December 
15th, 1933. Further details in text. 


operation they were allowed to run, Surprisingly enough, they performed 
the standard work with apparent ease. 


The maximal endurance tests show that dog H can perform an amount. 
of work 8-8} times as much as its standard—compared with 3-34 before — 


the operation. Similar results are obtained from K. 
‘The average heart rate during rest is about 70, and shows a very intense 
respiratory arrhythmia (Fig. 4 B). Towards the end of the standard work 
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the heart is found beating at a frequency of 125-142; it returns to normal 
within 1-3 min. (Fig. 5 v). The arrhythmia passes away during the exer- 
tion and reappears at the first minute of recovery. 

Respiratory rate, while standing calmly, is practically normal (14-26 
per min.). Not uncommonly panting does not appear during the standard 
work. The breathing is fastest during the first minute of recovery (42-54), 
and it returns to normal in 2—4 min. 


Blood-pressure and rectal temperature. The changes which accompany 
muscular work are practically the same as in normal dogs. 


(vi) MvUscULAR WORK IN DOGS AFTER DENERVATION 
OF THE HEART. 


Cheertiilaiae n were made on the two dogs H and K already referred to 
in series v. The cardio-inhibitory vagal tone was suppressed with atropine. 
The animals performed the standard work fairly easily, but were not 
inclined to run as eagerly as was the case before the paralysis of the 
cardio-vagal nerves. 

The maximal capacity for the performance of work is 3-3} times as 
much as the standard exercise. 

The heart rate after atropinization stabilizes at 115-130 beats per min. 
and shows no respiratory arrhythmia. Just before the conclusion of the — 
standard work it is found to be 156-178 beats; when the treadmill is 
stopped it is maintained for 2~4 min. and then gradually returns to normal 
in 9-12 min, (Fig. 5 vi). 

Respiration, blood- “pressure and rectal ieiopabalis. The changes are 
comparable with those in normal atropinized dogs. Panting, however, 
tends to pass away within 6~11 min. of recovery. 

The cardiac acceleration in these dogs can hardly be due to factors 
other than changes in the blood. Further experiments support this view. 


(vii) MuscULAR WORK IN DOGS DEPRIVED OF THE CARDIO- 
ACCELERATOR AND SPLANCHNIC INNERVATIONS. 


Observations were made on three dogs (G, J and N). The accelerator 
mechanism was eliminated by the operation previously described. All 
the roots and trunks of the splanchnic nerves were extirpated, through 
the eighth or ninth intercostal space, from the level of the seventh down 
to the last rib. Recovery was rapid. A fourth dog was operated upon in 
a similar manner, but the post-mortem examination which was made a 
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couple of weeks later revealed the presence of a few remaining fibres, and 
naturally all its records were accordingly discarded. 

Determinations of the maximal endurance show a definite increase of 
the capacity comparable with that observed in animals of series v. 
‘The average heart rate, while standing quietly, oscillates about 70 per 

min, and exhibits an intense sinus arrhythmia, The maximal tachycardia 
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RECOVERY. RECOVERY. 
Fig. 5. Effect of standard work on the heart rates of dogs K (series v and vi) and G (series 
vii and viii). Dog K. 9-5 kg.; energy expenditure = 11,812 kg.m.; duration=10 min. 
Dog G. 15 kg.; energy expenditure = 17,910 kg.m.; duration =9 min. Ordinates = heart 
rate per min.; abscissae=time. s.=quiet standing. The two arrows | | denote the 
performance of work. Recovery =time in min. (v) Dog K after the elimination of the 
cardio-accelerator innervation. (vi) Dog K after denervation of the heart. (vii) Dog G 
after extirpating the cardio-accelerator and the splanchnic nerves. (viii) en 
denervation of the heart and section of the splanchnic nerves. 


which is observed towards the end of the standard work (105-121 beats 
per min.) passes away in 3-5 min. after its conclusion (Fig. 5 vii). During 
the cardiac acceleration the arrhythmia disappears while the P.z. and the 
R.T, intervals of the electrocardiogram show a definite shortening. The 


similarity of these changes to those caused by atropine in the same 
animals (series viii) is rather striking. 
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Respiration, blood-pressure and rectal temperature. The records taken 
during rest and activity are practically identical with those obtained 


(viii) MuscULAR WORK IN DOGS AFTER DENERVATION OF THE 
HEART AND BILATERAL SPLANCHNECTOMY. 


Observations were made on the animals G@, J and N previously referred 
to in series vii. The cardio-vagal tone was suppressed with atropine. The 
maximal capacity for the performance of work amounted to about twice 
or thrice as much as the standard exercise. 

The heart rate during quiet standing differs in various dogs (105-132 
beats per min.); generally it is about 120 and shows no arrhythmia. The 
maximal increase which is associated with the standard work has never 
exceeded 6-10 beats (Fig. 5 viii). The return to the normal frequency is 

very gradual (8-12 min.). 


ond. temperature. The changes are 


similar to those observed in animals of series vi. . 

In the light of the present observations the part played by the 
splanchnic nerves in the production of the tachycardia of work cannot be 
overlooked. Owing to the wide distribution of these nerves it was deemed 
necessary to determine which abdominal organs are responsible for the 
cardiac acceleration. 


(ix) MuscULAR WORK IN DOGS AFTER DENERVATION OF THE HEART AND 
BILATERAL SPLANCHNECTOMY BELOW THE SUPRARENAL NERVES. 


Observations were made on two dogs (S. B. and S. W.), The vagal 
tone was eliminated with atropine. The extirpation of the cardio-accele- 
rator nerves, the abdominal sympathetic chains and the splanchnic nerves 
below the suprarenal supply was performed. Animals made a rapid 
recovery?. 

The heart rate, during quiet standing, is about 120-130 per min. and 
exhibits no arrhythmia. Just after the conclusion of work it is found to 
have reached 170-190 beats per min.; it slows down to normal within 
10-13 min. 

Respiratory rate and rectal temperature. The a are comparable 
with those observed in animals of series vi. 


1 The data concerning the heart rate in series ix were kindly furnished by Drs Bouckaert 
and Nowak [1934] to whom I express my thanks. | 
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DISCUSSION AND CONCLUSIONS. 


ti is apparent that the tachycardia of work is a rendltant of several 
factors: 

1. THE CARDIO-INHIBITORY VAGAL TONE. The sudden appearance fat 
_ the acceleration almost synchronously with the onset of work in normal 
dogs (latency of less than one second) cannot be due to any physical or 
chemical changes in the blood, and would certainly be related to nervous 
influences on the heart (Fig. 1 A). That it is not due to an augmentation 
of the cardio-accelerator tone is supported by’ the fact that the latent 
period of the heart in response to the cardio-sympathetic impulses is 
about 3-7 sec. [Hunt, 1899]. Evidences in favour of the inhibition of the 
vagal tone are : (a) With the onset of work the sinus arrhythmia disappears 
and the respiratory movements accelerate—as shown by the waves on 
the blood-pressure tracing (Fig. 1 A). The rapid breathing produces a 
reduction of the cardio-vagal tone [Ludwig, 1847; Einbrodt, 1860; 
Fredericq, 1882]. (6) The P-R and the R-T intervals of the electro- 
cardiogram become shorter [Le wis and Cotton, 1913]. (c) Comparative 
study of Fig. 1 A and Fig. 2 C shows that the initial tachycardia fails to 
appear when the vagal tone is previously eliminated. 

That the persistence of the cardiac acceleration throughout week i is 
also associated with a marked inhibition of the vagal impulses, has been 
demonstrated clearly in normal dogs (D and J) in which the carotid 
cannula method is employed and the vagi nerves are isolated on threads. 
Just at the conclusion of work when the tachycardia is maximal, the vagi 
nerves are severed with scissors. The heart rate only increases by 22 beats 
after vagotomy, although a similar procedure performed during rest is 
usually followed by an increase of 110-130 beats. Further evidence is 
furnished from dogs deprived of the cardio-accelerator and splanchnic 
innervations (series vii). The tachycardia usually observed in such animals 
(Fig. 5 vii) fails to appear if the vagal innervation is previously eliminated 
(series viii). This supports the conclusions of Kaufmann [1892], 
Athanasiu and Carvallo [1898], Krogh and Lindhard [1913], 
Gasser and Meek [1914] and Bainbridge [1923]. 

2. THE CARDIO-ACCELERATOR SYMPATHETIC TONE. Muscular work in 
dogs retaining the normal cardio-accelerator mechanism but deprived of 
the vagal, splanchnic and abdominal sympathetic innervations (series iv) 
is associated with a slight cardiac acceleration (18-29 beats); it may be 
safe to conclude that under such conditions the cardio-accelerator tone _ 
undergoes a trivial augmentation during the standard work. This conclu- 
sion does not support Hering [1895], who attributed the normal tachy- 


ys 3 
a 
33 
4 
? 
a 
th 
Ag 
2 
a 
Ke 


MUSCULAR WORK AND HEART RATE. — 327 


cardia principally to an increase of the cardio-accelerator tone. His 
records show, however, that the heart rate of operated rabbits during 
rest was faster than normal—an observation which throws some doubt 
on the integrity of the cardio-vagal innervation; indeed Schaternikoff 
and Friedenthal [1902] and Gasser and Meek [1914] have pointed 
out that the method employed by Hering to extirpate the stellate ganglia 

always damages a portion of the cardio-inhibitory innervation. , 

It is noteworthy that the integrity of the cardio-sympathetic innerva- 
tion would furnish the heart with a wide range of potential tachycardia 
which can be revealed when the strong antagonistic vagal tone is removed. 
Thus the elimination of the vagal mechanism in normal dogs is followed 
by an increase of the heart rate by 110-130 beats per min., while the same 
procedure in dogs previously deprived of the cardio-accelerator mechanism 
(series v and series vii) is accompanied by an increase of not more than 
50-60 beats per min. A detailed study of this phenomenon is devoted to 
a further communication. 

The cardiac slowing observed in freshly vagotomized dogs dinten work 
such as to produce cyanosis was generally converted into typical accelera- 
tion after the administration of atropine. This suggested that the 
asphyxial products may excite the vagal endings in-the heart, thus sup- 
porting the observations of Patterson, Piper and Starling [1914] and 
of Heymans, Bouckaert and Samaan [1934]. _ 

3. METABOLIC PRODUCTS. Observations made on dogs of series 
viii show that the metabolic products of muscular activity -have no 
appreciable direct effect, either upon the denervated heart [Petersen 
, and Gasser, 1914] or upon those endocrine glands endowed with sym- 
pathico-mimetic secretions. These results fail to support Mosso [1890] 
and Johansson [1895] who claim that the metabolites have a cardio- 
accelerator action. Mosso observed an increase in the heart rate subse- 
quent to the administration of blood obtained from fatigued dogs. It is 
evident, however, that the associated increase in respiration [Fredericgq, 
1882], the processes of blood clotting [Cannon and Griffith, 1922] and 
the stimulant effect of muscle metabolites on the adrenaline secretory 
centre [Cannon, Linton and Linton, 1924] can explain Mosso’s results. 
_ 4, THE SYMPATHIOCO-MIMETIC HORMONES AND “sYMPATHIN.” Ob- 
servations on dogs: with denervated hearts show that the splanchnic 
nerves play an important part in the tachycardia of work, and that it is 
almost solely due to the activation of the suprarenal glands (series vi, 
viii and ix). These results support Hartman, Waite and Powell [1922], 
Cannon and Britton [1927], and Cannon [1931]. As will be shown in 
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a further communication; the effect of the other sympathico-mimetic 
glands upon the heart rate during standard work is practically 
negligible. 

In the light of the present observations it seems possible to explain 
the prolonged tachycardia following the maximal endurance test as due 
to a concomitant rise of the basal metabolism (Evans, 1912] which 
would be partly dependent on the liberation of adrenaline [Boothby and 
Sandiford, 1923; McIver and Bright, 1924; Cannon, Querido, 
Britton and Bright, 1927]. 

5. Risk oF TEMPERATURE. Mansfeld [1910] claimed that the 
tachycardia of work is due to the rise of body temperature which acts 
principally reflexly through the augmentation of the cardio-sympathetic 
impulses. The present observations fail to support Mansfeld since the 
heart rate shows an increase of 130 beats during the first half of the 
standard work before any appreciable change in the rectal temperature is 
detected (Fig. 1 K); furthermore, the maximal rise in the experiments of 
standard work has never exceeded 0-6-0-8° C., and the highest level is 
observed during the early period of recovery when the heart would have 
already slowed down considerably (Fig. 1 K). Animals deprived of the 
cardio-accelerator nerves still exhibit a marked tachycardia. The insigni- 
ficant acceleration observed in series viii may probably be due to the slight 
rise of body temperature [Martin, 1883; KnowltonandStarling, 1912]. 

The maximal endurance test has revealed some interesting points: 

(a) Fhe vagal tone and muscular capacity. The extirpation of the proxi- 
mal halves of the thoracic sympathetic chains is invariably followed by a 
marked rise in the maximal endurance for work (series v and vii). This 
effect is not solely due to training [Campos, Cannon, Lundin and 
Walker, 1929] since the tests are always tried in the “control” normal 
dogs. Furthermore, the dogs which are submitted to other types of 
operations and which have been tested nearly as frequently as those of 
series v'and vii, have never exhibited the rise in the maximal endurance. 
It is therefore safe to conclude that the increase of the capacity is a real 
sequel to the operation, and that it is probably due to the unopposed 
action of the vagal impulses (compare series v and vii with series vi and 
viii). The similarity of series v and vii to trained athletes is rather striking ; 
thus in either, the heart rate during rest is very slow and of a strong vagal 
type [Bock, Vancaulaert, Dill, Félling and Hurxthal, 1928], the 
recovery from work is faster than in normal [Cook and Pembrey,1913] 
and the capacity for the performance of work exceeds that of the un- 
trained [Lowsley, 1911]. Indeed Mac William [1893] has noted that 
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animals capable of performing prolonged strenuous work, such as the 
horse, dog and the hare, are provided with a strong vagal tone. A further 
study will be devoted to this problem. 

(b) Adrenaline and maximal endurance. The foregoing observations 
show that the denervation of the suprarenal glands with the subsequent 
failure of adrenaline secretion does not affect the maximal capacity for 
work. These results do not support Albanese [1892], Gruber [1914] 
and Gruber and Fellows [1918]. 


SUMMARY. 


1, The effect of a “standard” muscular work upon the heart rate, 
respiratory movements, blood-pressure and the rectal temperature is 
studied in dogs before and after the elimination of different parts of the 
autonomic nervous system. The maximal capacity for work is also 
determined. 

2. A method of obtaining continuous records of the heart rate and of 
the blood-pressure during running in a treadmill is described. 

3. The sudden acceleration of the heart synchronous with the onset 
of work is principally due to a reduction of the cardio-vagal tone (Fig. 1 A). 

Psychical factors participate in this effect. 

4, ‘The persistence of the tachycardia during running is due to (a) a 
marked inhibition of the cardio-vagal impulses, (b) liberation of adrenaline 
in response to secretory impulses mediated through the splanchnic nerves, 
and (c) a slight augmentation of the cardio-accelerator tone. The trivial 
acceleration observed in dogs deprived of the cardiac and the splanchnic 
innervations (Fig. 5 viii) is probably due to the slight rise of temperature. 

5. The integrity of the cardio-sympathetic impulses furnishes the 
heart with a wide range of potential acceleration which is masked by the 
strong antagonistic vagal tone. ) 

6. The metabolic products of muscular activity have no direct effect, 
either on the denervated heart or on the denervated sympathico-mimetic 
glands, 

7. The maximal capacity for the performance of work is markedly 
augmented subsequent to the extirpation of the upper halves of the 
thoracic sympathetic chains (series v and vii). 

8. The denervation of the suprarenal glands does not reduce the 
maximal endurance for work. 

9. The blood-pressure exhibits a temporary rise during work, and 
falls abruptly to a subnormal level when it is discontinued (Fig. 1 K). 


Wii 1% 
: 
; 
hd 
Be 


330 A, SAMAAN. 
I wish to express my si knowled t to Prof. C. Heymans for suggesting this 


It is also & pleasure to thank The Rockefeller Foundation for defraying the expenses of 


this research. 


REFERENCES. 


Albanese, M. (1892). Arch, ital. Biol. 17, 239. 

Athanasiu, J. and Carvallo, J. (1898). Arch. Physiol. norm. path. 10, 347, 552. 

Bainbridge, F. A. (1923). The Physiology of Muscular Exercise. 2nd ed. London: Long- 
mans, Green and Co. 

Bock, A. V., Vancaulaert, C., Dill, D. B., Félling, A. and Hurxthal, L. M. (1928). 
J... Physiol, 66, 136. 

Boothby, W. M. and Sandiford, I. (1923). Amer. J. Physiol. 66, 93. 

Bouckaert, J. J. and Nowak, 8. J. G. (1934). C. R. Soc. Biol., Paris, 117, 246. 

Campos, F. A. de M., Cannon, W. b., Lundin, H. and Walker, T. T. (1929). Amer. J. 
Physiol. 87, 680. 

Cannon, W. B. (1931). Ibid. 98, 447. a 

Cannon, W. B. and Britton, 8. W. (1927). Jbid. 79, 433. 

Cannon, W. B. and Griffith, F. R. (1922). Ibid. 60, 544. 

Cannon, W. B., Lewis, J. T. and Britton, 8. W. (1926). Zbid. 77, 326. 

Cannon, W..B., Linton, J. R. and Linton, R. R. (1924). Ibid. 71, 153. 

Cannon, W. B., Newton, H. F., Bright, E. M., Menkin, V. and Moore, R. M. (1929). 
Ibid, 89, 84. 

Cannon, W. B., Querido, A., Britton, 8. W. and Bright, E. M. (1927). Ibid. 79, 466. 

Cannon, W. B. and Uridil, J. E. (1921). Ibid. 58, 353. 

Cook, F. and Pembrey, M. 8. (1913). J. Physiol. 46, 429. 

Dresbach, M. and Waddell, K. C. (1926). J. Pharmacol., Balitinore, 27, 9. 

Einbrodt (1860). S.-B. Akad. Wiss. Wien, 40,361. 

Evans, C. Lovatt (1912). J. Physiol. 45, 213. 

Frangois-Franck (1884). Diction. encycloped. scienc. med. Paris. Article “Grand 
sympathique.” 

Fredericq, L. (1882). Arch. Biol., 3, 55. 

Gasser, H. 8. and Meek, W. J. (1914). Amer. J. Physiol. 34, 48. 

Gruber, C. M. (1914). Zbid. 38, 335. 

Gruber, C. M. and Fellows, A. P. (1918). Ibid. 46, 472. 

Hartman, F. A., Waite, R. H. and Powell, E. F. (1922). Ibid. 60, 255, 

Hering, H. E. (1895). Pfliigere Arch. 60, 429, 

Heymans, 0. and Bouckaert, J. J. (1931). C. R. Soc. Biol., Paris, 106, 471. 

Heymans, C., Bouckaert, J. J. and Samaan, Adli (1934). Arch. int. Faarensooiyn. 48, 
457. 

Hunt, Reid (1899). Amer. J. Physiol. 2, 305. 

Ionescu, D, and Enachescu, M. (1928). Z. ges. Anat. 85, 476. 

Johansson, J. E. (1895). Skand. Arch. Physiol. 5, 20. 

Jourdan, F. and Nowak, 8. J. G. (1934). C. R. Soc. Biol., Paris, 117, 234. 

Kaufmann, M. (1892). Arch. Physiol. norm. path. 4, 279, 495 

Knowlton, F. P. and Starling, E. H. (1912). J. Physiol. 44, 206. 

Krogh, A. and Lindhard, J. (1913). Ibid. 47, 112. 

Lewis, T. and Cotton, T. F. (1913). Ibid. 46, 60 P. 

-Lowsley, 0. 8. (1911). Amer. J. Physiol. 27, 446. 


A 
Sa 
4 
t 
j 
5 ° 
; 
4 
‘6 
at 
4 


MUSCULAR WORK AND HEART RATE. _—_ 331 


Ludwig, ©. (1847). Arch. Anat. Physiol. wissen. Med. p. 242. 

Molver, M. A. and Bright, E. M. (1924). Amer. J. Physiol. 68, 622. 

MacWilliam, J. A. (1893). Proc. Roy. Soc. 58, 464. 

Mansfeld, G. (1910). Pfliigers Arch. 134, 598. 

Martin, H. N. (1888). Philos. Trans. 174, 663. 

Moore, R. M. (1929). Amer. J. Physiol. 89, 515. 

Mosso, A. (1890). Quoted from Fatigue. Translated by M. and W. B. Drummond (1904). 
London: Swan Sonnenschein and Co. 

Patterson, 8. W., Piper, H. and Starling, E. H. (1914). J. Physiol. 48, 465. 

Petersen, M. 8. and Gasser, H. 8. (1914). Amer. J. Physiol. 88, 301. 

Popielski, L. (1908). Pfliigere Arch. 130, 394. 

Rosenblueth, A. and Cannon, W., B, (1934). Amer. J. Physiol. 108, 384, 

Schaternikoff, M. and Friedenthal, H. (1902). Arch. Anat. Physiol., Lpz. (Physiol. — 
Abt.), p. 53. 

Slowtzoff, B. (1903). Pfligers Arch. 95, 158. 

Tigerstedt, R. (1921). Physiologie des Kreislaufes, 2. Berlin and Leipzig. 

White, J. C., Garrey, W. E. and Atkins, J. A. (1933). Arch. Surgery, 26, 765. 

Zuntz, N. (1903). Pfliigers Arch. 95, 192. 


f 
2 
‘ta 
re 
‘a 
¥ 
t 
ve 
x 
¢ 
¥ 
¥ 


612.178 


THE ANTAGONISTIC CARDIAC NERVES 
AND HEART RATE} 


By ADLI SAMAAN?® 
F. Heymans’ Institute of Pharmacology, of Ghent.) 
(Received November 23, 1934.) 


Ir is well known that section of the vagi nerves in the neck is followed by 
an intense cardiac acceleration which is mostly due to the unopposed 
influence of the cardio-accelerator nerves [Einbrodt, 1859; Boehm, 
1875; Anrep, 1880; MacWilliam, 1893; Nolf and Plumier, 1904; 
Stewart, 1907; Petioky, 1913]. It may be likewise expected that the 
extirpation of the cardio-accelerator nerves in normal animals would be 
followed by a marked bradycardia; this, however, is not the case [Sa- 
maan, 1935] and the aim of the present communication is to study the 
relative effects of the aan ne nerves on the heart rate. 


Thirty-one experiments were performed on dogs weighing from 
7-23 kg.; chloralosane anzsthesia (0-08 g. per kg., intravenously) was 
employed, but in a few cases the use of the anesthetic was omitted and 
observations were made on decerebrated animals 3-4 hours after the 
operation. Six experiments were performed on cats which were anesthe- 
tized with numal (0-5 c.c. per kg., intraperitoneally). The heart rate, 
respiration and blood-pressure were recorded. The rectal temperature 
was maintained nearly constant (37-4°-37-8° C.) with the aid of an elec- 
tric warming pad, In all experiments the suprarenal glands were isolated 
either by “mass ligature” or: by tying the suprarenal veins. Artificial 
ventilation was used in procedures involving the opening of the chest or 
the section of the spinal cord. In some experiments laminectomy was 
performed at the level of the second cervical vertebra and a fine silk 
_ thread was passed around the cord. Tight ligature of the thread made 


1 Preliminary report: C.R. Soc. Biol., Paris (1934), 116, 348. 
* Fellow of The Rockefeller Foundation. 
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clean-cut transection without injuring the spinal artery. A steel wire 
fitted with a ball of cotton-wool served to destroy the cord by passing it 
down the spinal canal. 

Adrenaline hydrochloride was injected intravenously in doses varying 
from 0-002-0-1 mg. per kg. | 

After denervation of the heart the peripheral ends of the cardiac 
nerves were prepared for electrical excitation with special non-polarizable 
_ ghielded electrodes. Hach set of nerves was stimulated with induction 
shocks from a separate inductorium; metronomes were employed in the 
primary circuits. In a few cases condenser discharges were used. 


Fig. I. The heart rate during the process of cardiac denervation. Dog: 14 kg.; chloralosane. 
A. Normal. B. After cutting the cervical vagi, artificial respiration on. C. After 
removal of the left thoracic sympathetic chain. D. After excision of the right thoracic 
chain excepting the stellate ganglion. E. After extirpating the right stellate ganglion. 
In this and in the following tracings n. denotes respiratory movements recorded with 
stethograph; H.R. is the heart rate taken with Hiirthle’s manometer; B.P. is blood- 
pressure record with mercury manometer; T. is time record in 3 sec. Details in text. 


RESUvULTs. 


(i) THE HEART RATE DURING THE PROCESS OF CARDIAC DENERVATION. 
Fig. 1 is obtained from a typical experiment. It may be noted that 
cutting one vagus in the neck is generally followed by a slight tachy- 
cardia. When, however, the other nerve is cut the heart suddenly exhibits 
an intense acceleration while the sinus arrhythmia disappears (Fig. 1B). 
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— It is also apparent that the excision of the right stellate ganglion inter- 
rupts the path of the majority of the cardio-accelerator tonic impulses 
(Fig. 1 E). 
pe Serie of the cord in vagotomized animals, whether decerebrated or 
under numal anesthesia, is followed by a definite slowing of the heart from 
210 beats per min. down to 120-130. Further destruction of the cord is 
associated with a transient tachycardia which passes away in a few 
minutes, leaving the heart rate unchanged (about 120 per min.). Under 
chloralosane anesthesia, however, transection of the cord in vagotomized 
dogs is not associated, in many cases, by any appreciable change of the 
heart rate (about 220 per min.), while destruction of the cord in such cases 
is followed by a permanent slowing down to 120; Further extirpation of 
_ the cardio-sympathetic nerves in the chest is without effect; thus sug- 
gesting that under chloralosane the cardio-accelerator neurones in the 
cord exert a tonic influence. po 


(ii) Evvecr OF SEPARATE AND OF SIMULTANEOUS STIMULATION OF 
THE ANTAGONISTIC CARDIAC NERVES. 

(a) Vagal stimulation. The cardiac slowing i in saionila with dener- 
vated hearts appears at the first beat which follows the onset of the 
stimulation and persists at a practically constant rate throughout the 
period of excitation (Fig. 2A). The degree of the bradycardia is dependent 
on the strength and on the frequency of the individual stimuli. It is also 
observed that the repetition of a given stimulation is associated with 
identical effects. As soon as the excitation is removed the heart returns 
to its automatic rate within 1-3 sec. In some cases, however, it shows a 
definite acceleration for a few seconds, and then returns gradually to its 
resting rate. 

(6) Sympathetic stimulation. The onset of the cardiac acceleration 
appears 24-8 sec. after the commencement of the excitation, and the 
maximal rate is reached in 7-12 sec. (Fig. 2B). Later, however, it slows 
down slightly and is then maintained at a nearly constant rate, Excita- 
tion of the branches derived from the right stellate ganglion provokes a 
stronger effect than that of any other cardio-sympathetic fibres. When 
the stimulation is discontinued the heart maintains the fast rate for a 
few seconds and then gradually slows down to reach the automatic rate 
in 15-63 sec. It may be noted that the frequent repetition of a given 
stimulus within short intervals of time is accompanied with progressively 
diminishing effects. If, however, a period of a few minutes is allowed for 
recovery, the responses of the heart are practically identical. 
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Fig. 2. Dog: 15 kg.; decerebrated; suprarenal glands isolated. All the cardiac nerves are 
cut. A. Between the two arrows + + , stimulation of the peripheral end of the left vagus 
nerve (coils 12-3 cm. apart). Slowing of 61 beats per min. below the rate of the dener- 
vated heart. B. Between the two arrows | | , stimulation of the cardiac nerves arising 
from the right stellate ganglion (coils 7-4 cm. apart). Acceleration of 93 beats per min. 
above the rate of the denervated heart. C. Between the two pairs of arrows ¢ { and 
+ +, the same stimuli which were used in A and in B are applied simultaneously. . 
Slowing of 44-57 beats per min. eee 
are to be read from left to right. Further details in text. 
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(c) Simultaneous stimulation of the vagal and of the sympathetic cardiac 
nerves. Table I shows the effects of two simultaneous stimuli, each of 
which when applied alone has nearly the same relative influence upon 
the heart rate. It is evident that the vagal impulses predominate. 
Indeed, Fig. 2C shows that as soon as the stimuli are applied, the heart 


No. per min. beats 
3—Cat 128 -34 + 41 —30 
9— 116 45* + 44 44 

116 — 45* + -40 
116 —45* + — 38 
116 ~ 45° +1 -31 
29—Dog 1% -60 + 92 
124 - 60 + 66 ~ 58 
124 ~76 + 48 ~76 

* Stimulus unchanged. ¢ Stimulus augmented. 


It may be noted in Exp. 22 quoted above that the stimuli are unaltered but are 
quite See ulus becomes more effective while the sym one 


slows down immediately to the vagal rate for a few seconds (4~7 sec.), 
then it accelerates a few beats and maintains it during the stimulations. 
On removal of the excitations the heart exhibits an intense tachycardia 
(an increase of 100 beats per min.) which — subsides to reach the 
automatic rate in about 25 sec. 


(ui) THE RELATIVE EFFECTS OF THE ANTAGONISTIC CARDIAC 
NERVES. 

It is evident from Fig. 3A that a sympathetic stimulus, which by 
itself would increase the heart rate from 115 to 170 beats per min., if 
applied during vagal stimulation increases it by 10-12 beats per min. only. 
Again, a vagal stimulus, capable of reducing the rate from 115 to 62 per 
min., if applied during a sympathetic stimulation will reduce the — 
frequency from 165 to 70 per min. (Fig. 3B). 


(iv) ADRENALINE AND VAGAL INHIBITION. 

The changes in the heart rate in response to vagal stimulation are 
studied during the administration of adrenaline. Small doses of this 
drug, although provoking a marked increase in the rate of the denervated 
heart, yet sensitize it to vagal impulses (Fig. 4C). With larger doses, 
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however, the influence of the vagi is reduced or may even be abolished 
(Table II). Not uncommonly cardiac irregularities may be eee 
with vagal stimulation. 


HR 


Fig. 3. The relative effects of the antagonistic cardiac nerves. Dog: 12 kg.; chloralosane; 
suprarenal glands are isolated. All the cardiac nerves are cut. A. The vagal stimulation 
(between the two arrows + +) is applied before the onset of the cardio-sympathetic 
stimulation (which is indicated by the two arrows | | ) and is terminated during the 
application of the latter. B. The cartlio-sympathetic stimulation (as indicated by the. 
arrows | |) is applied before the commencement of the vagal stimulation (which is 
shown by the arrows + + ) and is removed during the action of the latter. Note the 
predominating effect of the vagal inhibition. To be read from left to right. Details 
in text. 


22—2 


4 
4 
pra, 
“ 
~, 
3 
of “4 
4 
4 
4 
as 
“4 
, 
f 
4 
® 
A 
> 
is 
a 
Ry. 
¥ 
ij 
PY 
a 
4 é 
5 
7 
oy 
a ~ 
on 
“ag 
j 


338 A, SAMAAN. 


Fig. 4. Adrenaline and vagal inhibition. Dog: 12 kg.; chloralosane; suprarenal glands 
isolated. All cardiac nerves are cut. A. Stimulation of the peripheral end of the right 
vagus applied between the arrows { } (coils 14-2 cm. apart), B. The same vagal 

_ stimulation as used in A, applied 30 sec. after the administration of 0-20 mg. adren- 
aline. C. At Adr. 0-10 mg. adrenaline was injected intravenously, and between the 


Discussion. 


_ The observations above recorded show that the antagonism ‘ieee 
ds cardio-accelerator and the cardio-inhibitory nerves on the rhythm 
of the ventricular muscle is not perfect; the vagal impulses always 
predominate in the sense that the final frequency at any moment is not 
the algebraic sum of the two components. Indeed Baxt [1875], Hunt 
[1899], Rothberger and Winterberg [1911], and Vaquez and 
Donzelot [1925] have shown that the vagi exercise a powerful re- 
straining action upon the heart. It has also been observed that the 
repeated stimulation of the sympathetic fibres is attended not only by 
progressively diminishing responses but also by sensitization of the heart 
to vagal stimuli (Table 1). Furthermore it is noted that small doses of 
adrenaline—a typical sympathico-mimetic drug—renders the cardiac 
muscle more susceptible to vagal impulses. This observation supports 
Mathieu [1904], Asher and Rodt [1912], Sollmann and Barlow 
[1926] and Beccari [1933]; and indeed the peripheral influence of 
adrenaline on vagal inhibition may have played a part in the observations 
of Stella [1932] on adrenaline bradycardia. 
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Il. 


Average 
A with Ped 
verage 
Denervated heart rate stimulus ap- 
heart rate with adren- plied during 
bef line per lati p 
No. adrenaline intrav beats — beats 
28—Dog 125 68 45-6 
125 0-003 141 51 63-8 
125 0-008 1 56 64:5 
125 0-050 190 77 59-5 
126 0-070 124 - 47-0 
125 0-100 278 240* 13-6 
125 0-100 284 280-284 0-0 
125 66-68 45-6-47-2 
* Irregular. 


These findings may also afford an explanation of why the elimination 
of the vagi in normal animals is followed by a very marked tachycardia, 
while the extirpation of the cardio-sympathetic nerves in normal dogs 
is only attended by a trivial slowing of the heart. The possibility, how- 
ever, that the tonic impulses of one set of cardiac nerves may change in 
intensity after the elimination of the antagonistic set, cannot be excluded. 

In the few cases in which the heart rate exhibited a definite accelera- 
tion after the conclusion of the vagal stimulation, it was possible to trace 
the tachycardia to the presence of accelerator fibres in the vagi. Thus 
stimulation of the same nerves after the administration of atropine is 
associated with delayed pure cardiac acceleration. Section of the vagi 
peripheral to the heart does not affect the result. The same phenomenon 
is observed in atropinized dogs deprived of the thoracic sympathetic 
chains a few weeks previously. This supports the observations of Fran- 
gois-Franck [1884], Arloing [1896], Tulgan [1923] and Jourdan 
and Nowak [1934]. 

SuMMARY. 


1. The relative effects of the antagonistic cardiac nerves upon the 
heart rate have been studied in anesthetized and in decerebrate animals 
(cats and dogs). The vagus predominates over the cardio-sympathetic 
nerves in the sense that a moderate vagal stimulation may provoke a 
bradycardia which will mask the effect of a strong cardio-accelerator 
stimulation (Figs. 2, 3). 

2. Repeated stimulation of the cardio-accelerator nerves, as well as 
small doses of adrenaline, sensitize the heart to vagal impulses. 

3. Chloralosane excites the cardio-accelerator neurones in the spinal 
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THE INHIBITION OF WATER DIURESIS BY © 


(From the Department of Pharmacology, University College, London.) 


Ka (Received October 1, 1934.) 


In a recent paper [Theobald, 1934] it has been shown that water diuresis 


may be inhibited in the dog by afferent nerve stimuli associated with 
acupuncture in the lumbar area. We propose first, through the descrip- 
tion of three related experiments, to offer proof that the renal nerves play 
no essential part in such inhibition, and second, through a consideration 
of the results of these experiments with others of cognate interest, to 


suggest its underlying cause. 


EXPERIMENTAL WORK. 


A bitch, on which a plastic operation to expose the urethral orifice had 
been performed some weeks previously, was anesthetized with a mixture 
of chloroform and ether, the anzsthesia being continued with ether alone. 
After the abdomen had been opened with full surgical precautions the left 
renal artery and vein were defined and freed completely from the sur- 
rounding tissues. The numerous nerve fibres lying on the artery were then 
cut and the vessel itself cleaned with gauze. After the vein and ureter had 
been similarly cleaned the kidney was lifted forward and separated from 
all fascial connection with the body. At this stage the renal artery was 
painted for a distance of about a half an inch with phenol. After the kid- 


kennel. 


ney had been sutured to its bed, the right kidney was treated in a similar 
manner. The abdomen was then closed and the animal returned to its 


Three weeks later it was placed in a Pavlov stand, and the observa- 
tions recorded in Fig. 1 were made. At C 250 c.c. of warm tap water 
were given by stomach tube, and when the diuresis was becoming estab- 
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lished a needle was introduced (the skin and subcutaneous tissues having 

been previously anesthetized by infiltration with a 2 p.c. solution of 
novocain) and moved about in the tissues between two lumbar spines for 
10 min. (A, Fig. 1). During this time the change in rate of urine flow was 
reversed, the ebb continuing after removal of the stimulus until the 
original rate of flow was reached, and at this level it remained for some 
10-20 min. The rate subsequently increased and rose uninterruptedly to 
its peak value of 30 c.c. in 10 min. At B the needle was again introduced 
between the vertebral spines and moved about for 3 min., a procedure 
which was followed by a fall in the rate of urine flow from 28 to 4:5 c.c. 


Fig. 1. Each point on the curve represents the volume of urine secreted in the previous 
- 10 min. At C 250 c.c. warm tap water were given by mouth. A and B= periods during — 


which hypodermic needle remained in region of fourth lumbar interspace. Ordinate 
=c.c. urine. Abscissa =time in minutes and hours. 


per 10 min. That this sequence is causal is shown by the fact that the 
tate of secretion thereafter increased. Such denervation of the kidneys, 
then, as has been described above, does not prevent the occurrence of the 
inhibition we are considering. Indeed its grossly parallel nature in the 
innervated and denervated organs is shown by a second experiment in 
which denervation of one kidney only was effected, and the response of 
each separately recorded. In this experiment a bitch was anesthetized, 
and the left kidney denervated in the manner already given. Both ureters 
were then extended to the vulva by the technique described by K lisiecki, 
Pickford, Rothschild and Verney [1933]. The right kidney was not 
disturbed by this operation, and the only nerves affected were those 
running along the ureter. 
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| | Results obtained from this animal three days after the operation just 
3 described are shown in Fig. 2, and it is evident that there is no essential 
) difference in the responses of innervated and denervated kidneys to the 
inhibitory influence of afferent nerve stimulation on an established 
diuresis. Indeed the close correspondence of these effects makes it 
| reasonable to assume that the inhibition of secretion is produced in the | 
‘two kidneys by the same physiological means. . 


0 i j i j 
0 15 30 45 (5 


Fig. 2. Each point on the curve represents the volume of urine secreted in the previous 

10 min. At zero time 250 c.c. warm tap water were given by mouth. R=urine flow a 
: from right kidney and L =that from left. P= period during which hypodermic needle 
__ Yemained in region of fourth lumbar interspace. Ordinate and abscissa as in Fig. 2, q.v. 


While it might be legitimately assumed that the experiments already 
described had proved that the renal nerves played no essential part in the 
inhibition of water diuresis by afferent nerve stimuli, it was decided to 
place the issue beyond cavil. 
> The operation designed for this purpose consists essentially in the 

. introduction and fixation of cannule in the abdominal aorta and inferior 
vena cava above and below the points of entry of the renal vessels, 
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followed by complete section of the aortic and caval walls at the levels of 
the cannule, and isolation of the intervening segments. 

Three dogs were used, two in the preparation of the requisite can- 
nul, the third as the experimental animal. The abdomen of the first — 
dog was opened under chloroform-ether anesthesia and with full surgical 
precautions. The segment of inferior vena cava below the entrance of the 
renal veins was defined and freed from adherent fat and fascia, and the 
lumbar tributaries divided between ligatures of fine silk. Strong ligatures 
were then tied around the upper and lower ends of the caval segment, and 
the intervening portion was excised and placed in warm sterile Ringer’s 
solution. The animal was then killed by deepening the anzsthesia, the 
chest opened and the intrathoracic portion of the vena cava excised and 
placed in Ringer’s solution. The segitients of vein, having been washed 
' in the Ringer’s fluid, were used immediately to line glass cannule, of 
selected length and bore, which had been previously sterilized. 


The cannuls consist of sections of glass tubing of various sizes. The ends have edges 
which are slightly everted, and two shallow grooves are etched on the external face. These 
pass round the periphery of the cannula at a distance of 2 mm. from the central transverse 
plane (see W, Fig. 3). The sizes we have found particularly useful are, for the vein, 15 mm. 
long, with an internal diameter of 8 mm., and for the artery, 12 mm. long with an interna] 
diameter of 6-5 mm. 


A suitable length of vein was threaded through the cannula, its ends 
everted over the edges and then drawn to meet at the centre of the 
cannula. It was then fixed in position by fine silk ligatures tied in the 
positions of the etched grooves (x, Fig. 3) In the preparation of such a 
cannula it was inevitable that air and liquid should be retained between 
the interior of the glass segment and the wall of the vein which lined it. 
These fluids were withdrawn by means of a syringe and fine hypodermic 
needle, and as they were aspirated the vein expanded to continuous 
contact with the inner wall of the glass tube. The segments of vein 
removed from the first dog proved sufficient to line three cannule which 
were placed in a closed sterile vessel containing Ringer’s solution. The 
second dog was then anesthetized, and three further cannule were 
prepared in exactly the same manner. 

Anesthesia of the third dog was then induced with a mixture of 
chloroform and ether and continued with ether alone. The abdomen was 
fully opened in the midline and the edges of the wound were held apart 
by a self-retaining retractor. The aorta and inferior vena cava were then 
defined from their bifurcations below to the superior mesenteric artery 
and first lumbar vein above. After this definition the right renal artery, 
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vein and ureter were divided between ligatures, and the kidney removed. 
_ The lumbar tributaries of the vena cava were then divided between 
ligatures, and the corresponding part of the vein freed in this way from 


Fig. 3. A =left crus of diaphragm. B=oceliac axis. C =superior mesenteric artery. D =left 
suprarenal gland. # =upper aortic cannula. F =left renal artery. @=left renal vein. 
H=renal pelvis. J =silver ureteric cannula. J =left fallopian tube. K=left broad 

, ligament. L=rubber tube connecting the upper ureteric cannula J with the glass 
cannula M which passes through the intravesical part of the ureter. N =rubber tube 
connecting M with the exterior. O=bladder. P=uterus. Q=lower caval cannula. 
R=inferior vena cava. S=right venal vein. 7'=right renal artery. U =upper caval 
cannula, V=right suprarenal gland. W=glass cannula. X =glass cannula covered 
with a segment of vena cava and ready for insertion. 


all tributaries other than the left renal vein. The corresponding aortic 
segment was isolated by a similar procedure. The next stage consisted in 


the introduction and fixation of the two caval cannule. For this purpose 
the aorta was temporally occluded by a clip just proximal to its bifur- 
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cation, and the vena cava by two others, the one just caudal to the left 
renal vein, the other some 4-5 cm. lower. An opening was made in the 
cava just above the lower clip, and a few cubic centimetres of a sterile 
solution of heparin were allowed to flow over and into the opening. A 
cannula of appropriate size was then introduced and manceuvred towards 
the upper clip. This was temporarily removed while the cannula was 
rapidly passed to a position just above the right renal vein, where it was 
fixed by two ligatures which had been previously placed in position, and 
which were tied as near the everted ends of the cannula as possible. While 
the cannula was being manceuvred upwards, the caval wound was com- 
pressed with a finger until such time as the upper clip could be replaced. 
A second cannula was passed into the cava, and tied in such a position 
that the caval opening was closed. The vena cava was then completely 
divided circumferentially at the level of the central transverse plane of 
both upper and lower cannulw. After the clips had been removed, 
attention was directed to the aorta, and here again, by a technique which 
followed closely that described for the cava, cannule were introduced 
into corresponding positions, and the aortic wall completely transected 
above and below. It will be observed that the renal circulation was at no 
time interrupted except during the short period of passage of the upper 
cannule across the openings of the artery and vein, a period which 
amounted to no more than a fraction of a second. The ureter was then 
divided at the level of the lower pole of the kidney and extended to the 
vulval orifice by the method of Klisiecki, Pickford, Rothschild 
and Verney [1933]. Simple division of the peritoneal attachments of the 
kidney now allowed the organ to be raised from its lumbar bed, its 
vessels to be cleaned, and its complete organic isolation certified. A 
few sutures brought the edges of the divided peritoneum on the posterior 
wall into apposition, and maintained the kidney in its normal position 
(see Fig. 3). About 100 c.c. of physiological saline were poured into the 
peritoneal cavity, and the abdominal wall was closed by two tiers of 
interrupted sutures. After 100 c.c. of a 10 p.c. solution of glucose in 
physiological saline had been given intravenously, the animal was re- 
turned to its kennel, which was maintained at a temperature of 25° C. for 
the next 24 hours. The animal made a good recovery, and 2 days after 
the operation apparently normal responses to the ingestion of water were 
obtained. One such response is shown in Fig. 4. As will be seen from this 
figure, the rate of urine flow suffered profound inhibition as the result of 
passing a hypodermic needle into the fourth intervertebral space and 
moving it occasionally over a period of 10 min. No attempt was made to 
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enter the thecal canal and the animal showed little emotional response to 
the procedure to which it was subjected. The facts that water diuresis can 


occur in a dog whose one remaining kidney has been completely denervated, — 


and that such diuresis readily suffers inhibition from afferent nerve 
stimulation, are therefore beyond controversy. — 


Fig. 4. Rate of urine secretion from left kidney which had been completely denervated. 


Each point on the curve represents double the total volume of urine-secreted in the 
preceding 5-min. period. At zero time 250 c.c. warm tap water were given by stomach 
tube. The hair of the mid-lumbar region was cut short with scissors. Lathering with 
soap and water commenced at A. BC = period of shaving. A 2 p.c. solution of novocaine 
was injected into the skin and subcutaneous tissues immediately preceding the period 
DE during which a hypodermic needle was moved about in the region of the fourth 
lumbar interspgce. Ordinate and abscissa as in Fig. 2, g.v. 


Discussion. | 
The inhibition of normal urine flow in the mammal, induced by such 


emotional states as anger and fear and by muscular exercise [Dobreff, 
1926], as also the inhibition of water diuresis by similar causes [Mac- 
Keith, Pembrey, Spurrell, Warner and Westlake, 1923; Kli- 
siecki, Pickford, Rothschild and Verney, 1933], have been attri- 
buted commonly to a redistribution of blood through the intervention of 
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the vaso-motor system. The hypothesis, however, that the renal nerves 
themselves are involved in the chain of events leading to inhibition of 
water diuresis is made unlikely, in so far as the inhibition by muscular 
exercise is concerned, by the demonstration of the persistence of inhibi- 
tion after section of those nerves in as complete a manner as has been 
found possible [K lisiecki, Pickford, Rothschild and Verney, 1933]. 
In this paper, moreover, we have presented an extension of such evidence 
to include inhibition of water diuresis by afferent nerve stimuli [Theo- 
bald, 1984], and finally brought unequivocal proof to the contention 
that the renal nerves play no essential part in such inhibition, by the 
elicitation of the phenomenon in a dog in which organic connection be- 
tween kidney and animal had been completely severed. Further work 
alone can decide whether or no we are justified in ascribing the inhibition 
of water diuresis by emotional states, by muscular exercise and by 
afferent nerve stimuli to the causal participation of a common underly- 
ing factor, but it is clear that the factor or factors concerned operate 
independently of the renal nerves. 

_ The mildness of the effective stimuli causing the imbibition described 
in this paper, along with the experimental findings of MacKeith, 
Pembrey, Spurrell, Warner and Westlake [1923], of Dobreff 


[1926], and of Klisiecki, Pickford, Rothschild and Verney [1933], 


‘make the ascription of this inhibition to a fall in arterial blood-pressure 
unreasonable. We are therefore driven to conclude that the inhibition is 
effected by some change in the composition of the blood reaching the 
kidney, a change, moreover, which may be either humoral or hormonal 
in nature. In the former case we may imagine the resultant inhibition to 


be mediated by the tissues, these retaining the water they were previously — 


liberating to the blood stream. Such a change in the tissues could con- 
ceivably be effected through efferent channels of a nervous nature. While 
on the one hand this possibility is not excluded, on the other no evidence 
exists, 80 far as we are aware, in its support. The fact, however, that an 
occasional accompaniment of the inhibition due to afferent nerve stimuli 
is proteinuria, supports belief in the alternative hypothesis that the 
kidneys are responding to some specific change in the composition of the 


blood, rather than to a temporary reduction in the amount of water 


brought to them. The two hormonal agencies which might theoretically 
be concerned here are adrenaline and post-pituitary antidiuretic sub- 
stance. Now it has been shown that inhibition of water diuresis by 
exercise occurs after bilateral section of the splanchnic nerves [K lisiecki, 
Pickford, Rothschild and Verney, 1933, see Fig. 2, p- 524]; but in 
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view of the somewhat conflicting statements concerning the effects of 
adrenaline on urinary secretion, we decided to determine whether or no 
inhibition of water diuresis could be attributed to its agency. We were 
unable to detect any effect on water diuresis in man from the subcu- 
taneous injection of 0-5 c.c. of a 1 : 1000 solution of adrenaline hydro- 
chloride. Moreover, the intravenous injection of adrenaline in such 
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Fig. 5. Curve of urine flow from two dogs to show the effect of the intravenous injection of 
adrenaline on water diuresis. Each point on the curves represents the volume of urine 
secreted in the previous 10 min. At A the continuous injection of a 1 : 5000 solution of 
adrenaline hydrochloride was begun and continued in the case of the first dog (curve B) 
for 2 hours, during which time 4 c.c. were injected. 250 c.c. warm tap water were 
given at W and again at W’. At F 0-5 c.c. and at G1 c.c. of the 1 : 5000 solution were _ 
injected intravenously. Curve C, obtained from data from the second dog, follows B 
closely for 14 hours. At A the continuous injection of a 1 : 10,000 solution of 
adrenaline hydrochloride was begun and discontinued at X at which time 250 c.c. 
warm tap water were given by stomach tube. At D 0-5 c.c. and at Z 1 ¢.c. of the 

1: 10,000 solution were injected intravenously. At A’ the continuous injection of the 
1 : 10,000 solution of adrenaline was recommenced and was discontinued at Z. 


amounts as to cause profound bradycardia and polypnoea in dogs gave but 
little change in the rate of urinary secretion. The evidence for this latter 
statement is contained in Fig. 5. Under novocaine anesthesia a cannula 
was tied into the external metatarsal vein of a bitch which had been 
perineotomized some weeks earlier. The animal stood quietly in a Pavlov 
stand, and the cannula was connected by means of fine rubber tubing 
with the nozzle of a 2 c.c. syringe, the plunger of which could be slowly 
advanced by a micrometer screw turned by a small electric motor. As 
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will be seen, the continuous injection ata rate of 2 c.c. per hour of neither 
a 1 : 10,000 nor a 1 : 5000 solution of adrenaline hydrochloride affected 
the normal resting rate of urinary secretion. Dog B (curve B) was given 
250 ¢.c, warm water by stomach tube at W, the slow injection of the 
adrenaline solution being continued. Water diuresis occurred and was 
apparently unaffected by the adrenaline. At F 0-5 c.c. and at @ 1 c.c. of 
a 1 : 5000 solution of adrenaline hydrochloride were rapidly injected 
intravenously. These doses caused the respiration to become rapid and 
shallow, and the pulse rate to fall from 130 to 54 beats per min. The rate 
of urinary excretion fell very steeply for about a minute, and then re- 
turned quickly to its previous value. The conclusion may therefore be 
drawn that the inhibition of water diuresis produced by afferent nerve 
stimuli is not due to the physiological liberation of adrenaline, seeing that 
amounts of that substance which cause obvious symptoms of distress 
exercise so transient an effect on the rate of urinary secretion. 

With respect to the possibility of the pituitary body being involved i in 
the processes leading to inhibition of water diuresis by afferent nerve 
stimuli, the following three facts concerning the action of post-pituitary 
extract seem to us significant. First, minimal inhibition in the dog may 
be caused in some animals by the intravenous injection of as little arti- 
diuretic substance as is associated with 0-0005 oxytocic unit of post- 
pituitary extract [Theobald, 1934]. Second, the effect caused by the 
intravenous injection of such an amount of post-pituitary extract does 
not reach its maximum until nearly 10 min. have elapsed from the time of 
the injection [Theobald, unpublished observations], a time lag com- 
parable with that observed in the inhibition of water diuresis by afferent 
nerve stimuli. Third, albumin is sometimes found in the urine after 
water diuresis has been inhibited whether by minimal doses of post- 
pituitary extract or by afferent nerve stimuli. We are therefore driven 
_ to conclude that the inhibition of water diuresis encountered in the 
experiments described in this paper, can most reasonably be ascribed to 
the liberation of anti-diuretic substance from the pituitary body into the 
blood stream. Proof or disproof of the involvement of the pituitary body 
in the phenomenon of inhibition of water diuresis by afferent nerve stimuli, 
by emotional states, and by exercise, nevertheless demands and depends 
upon experiments of more direct a nature. But whatever the factor 
immediately responsible for the inhibitory effect on water excretion may 
prove to be, the experiments described in this paper show, as we think, 
conclusively, that the effect is transmitted to the kidney through the 
blood stream and that the agent so transmitted is not adrenaline. __ 
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SUMMARY. 


1. A method is described by which the kidney of the dog may be 
completely denervated, and the response of this kidney to the ingestion 
of water, measured. 

2. Water diuresis is shown to occur in sucli an animal, and to run an 
apparently normal course. 

3. After complete denervation of the kidney, water diuresis may be 
temporarily inhibited by afferent nerve stimuli. Such inhibition is in all 
probability directly due to an agent which is transmitted through the 
_ blood stream, and whose liberation may be effected by the central nervous 
system. 

4. The rate of urine flow may continue to fall after removal of the 
original stimulus, and recovery only begin after the flow has persisted 
at a low rate for some 5-20 min. 

5, Reasons are advanced for the view that the humorally trans- 
mitted agent is not adrenaline. 

6. The facts described find interpretation in, and in turn lend eae 
to, the hypothesis which ascribes the control of water secretion by the 
kidney to physiological variations in the activity of the pituitary body. 
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THE MEASUREMENT OF RED CELL VOLUME. 


VI. The different ‘‘fragility’’ of the red cells of 
various mammals. 


| By ERIC PONDER. | 
(From the Biological Laboratory, Cold Spring Harbor.) , 
(Received November 9, 1934.) 


THIs paper is concerned with the second of the two principal difficulties — 


which arise in connection with the classical theory of osmotic hemolysis, 
viz. that the red cells of different mammals begin to hemolyse in different 
concentrations of the same electrolyte, e.g. NaCl. This difference in fragility 
has never been satisfactorily explained. The only suggestions of conse- 
quence are (a) that of Brinkman and van Dam [1920], who regard the 
_ fragility as dependent on the lecithin/cholesterol ratio in the cell mem- 
brane, and (5) the observation that large cells, such as those of man, 
are more resistant than smaller ones, such as those of the sheep [see 
Krumbaahr, 1928]. The importance of the lecithin/cholesterol ratio, 
however, does not appear to be as great as was once thought [Bodansky 
and Dressler, 1927; Ponder, Saslow and Yeager, 1930; Saslow, 
1932], and it will be seen below that the suggestion that fragility is 
dependent on cell size can be stated much more definitely. 

As has already been pointed out [Ponder and Robinson, 1934], the 
concentration of NaCl in which the red cells of any animal begin to 
hemolyse (i.e. the fragility, as measured in the usual way) depends on 
at least four factors: (i) the initial concentration of osmotically active 
substances in the cell interior, (ii) the amount of ‘free water” contained 
in the cell, (iii) the critical volume to which the cell can swell without 
hemolysing, and (iv) the perfection of the cell as an osmometer, as 
measured by the value of the constant R. In the following experiments 
these four variables were measured simultaneously with a view to finding 
which one of them is the most important in determining the different 
fragilities of the red cells of different animals. 
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I. Meruops. 


The animals used were the sheep, the ox, the rabbit and man, these 
being selected because the fragility of their cells in NaCl solutions differ 
considerably. Defibrinated blood and serum were obtained from each 
animal, and the volume of the cells when suspended in the undiluted 
serum was meastred diffractometrically after the addition of lecithin 
(Ponder, 1933 a; Ponder and Robinson, 1934]. The serum was then 
diluted so as to give a series of tonicities differing by 0-02 (the tonicity of 
the undiluted plasma being considered as 1-0), and to 1 c.c. of the various 
diluted sera was added 1 drop of the whole blood (weight about 20 mg.). 
The tonicity in which beginning lysis was observed was selected, lecithin 
emulsified in the supernatant fluid obtained by gentle centrifuging, and 
the cell volume determined diffractometrically. This gives the critical 
volume, V,, a8 well as the critical tonicity, 7,. Finally, the quantity of 
water contained in the cells was found by weighing a quantity of packed 
cells before and after drying to constant weight at 60°, the proper correc- 
tions being made for the extent of packing and for = water content of 
the serum left between the cells. 

If V;, is expressed as a percentage of the initial volume of the cells in 
undiluted serum, and if V is the volume which would be attained at 
equilibrium in the tonicity 7, by a “volumetrically perfect osmometer” 


containing that amount of water found in the cells in any particular 


R=(V,—100)/(V -100), 
V being expressed, like V,, as a percentage of the initial volume in 
undiluted serum. | 
Hypotonic serum is used instead of NaCl as the suspension medium 
because by using it we can dispense with measurements of the depression 
of freezing-point, the tonicity of the serum, put = 1-0, being presumably 
the same as that of the red cell interior. Defibrinated blood and serum 
are used in preference to oxalated blood and plasma so that no leakage 
factor is introduced at the start [see Ponder and Robinson, 1934]. 


II, Resvutts. 
Table I gives results for five typical experiments on each kind of cell. 


In every case brilliant diffraction patterns were obtained, although good 


patterns are not always obtainable, especially in the case of ox cells, 
which are very difficult to turn into spheres whether by the addition of 
23—2 
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Taste I. 
Sheep 1 0-62 66-0 0-85 
2 65-1 0-86 28-0 38-5 137 
3 0-56 63-8 0-75 30-2 41-0 137 
4 0-56 65-4 0-74 27-0 37-0 137 
5 0-54 68-0 0-63 28-0 38-2 138 
Ox 1 0-50 628 0-67 43-5 142 
2 0-53 60-0 0-90 46-0 148 
3 0-52 59-0 0-83 37-5 55-0 146 
at 0-44 63-9 0-64 46-0 69-0 150 
5 0-42 63-6 0-57 45-5 68-0 149 
Rabbit 1 0°45 65-5 0-75 59-4 95-0 159 
2 0-46 66-0 0-84 65-0 107-0 164 
3 0-47 65-6 0-70 61-0 92-0 151 
4 0-47 65-1 0-71 61-0 93-0 152 
5 0-48 63-8 0-75 60-5 92-0 152 
Man 1 0-40 59-6 0-64 86-0 135-0 157 
2 0-40 63-2 0-79 96-0 168-0 175 
3 0-43 61-0 0-79 93-0 153-5 165 
4 0-41 60-7 0-64 125-0 156 
5 0-42 61-5 0-68 87-0 137-0 158 


lecithin or by placing them between slide and coverglass. The columns of 
Table I show (i) the critical tonicity, 7, (ii) the percentage of water 
present in the cells, ‘W, (iii) the value of R, (iv) the initial volume of the 
cells, V,, when measured in undiluted serum, (v) the critical volume, V,,, 
and (vi) V, expressed as a percentage of V,. 

Table I shows a number of points. (1) There is considerable variation 


in the critical tonicity at which lysis occurs in the case of the cells of any 


one animal, but the order of the average critical tonicities is: sheep, ox, 


rabbit, man, that for the cells of man being the smallest. This is the order 
usually described. (2) There are no important differences in the water 


contents of the various types of cell. (3) There is considerable variation 
in the value of & for the cells of any one kind of animal, but the average 
values are about the same (0-71-0-76) for the four kinds of animal. The 
average values, as well as some of the individual values, are rather large, 
but this is in accordance with what Ponder and Robinson have found 
for cells from defibrinated blood suspended in hypotonic serum from 
defibrinated blood. Jacobs and Parpart [1933] have pointed out that 
under certain circumstances there is evidence that the red cells of the 
_ Yabbit and man lose salts into a hypotonic environment to a greater 
extent than do those of the ox, but, so far as the above experiments go, all 
the four types of cell appear to be about equally imperfect osmometers. 
The loss of salts referred to by Jacobs and Parpart is probably a slow 
loss which occurs on standing, and not connected with that loss of os- 
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motically active substances which determines the value of the constant R. 
4 (4) The critical volume, expressed as a percentage of the initial volume, 
is smallest for the cells of the sheep, greater for the cells of the ox, still 
greater for the cells of the rabbit, and greatest for the cells of man (average 
values: 136, 145, 155 and 162 respectively). There are differences in the 
critical volume for the cells of different sheep, rabbits, etc., but the 
differences are not large, and are of the magnitude usually encountered. 


III. Discussion. 


It is clear that the principal factor determining the fragility of the 
red cells of these different mammals is their ability to assume different 
critical volumes, and that variations in water content and ‘osmotic 
perfection,” as measured by R, affect the fragility in a secondary manner 
only. Now, since swelling of the red cell must be accompanied by stretch- 
ing of its envelope, we can calculate the increase in surface area which has 
occurred at the moment the critical volume is reached, and the first four 
columns of Table II show the initial area, the area corresponding to the 
critical volume, the increase in area, and - extension ratio (stretched 
area—initial area/initial area): 


II. 
Initial Extended Initial 

Sheep 1 44-4 53-6 9-2 0-21 27-5 0-33 
2 45-0 55-0 10-0 0-22 28-0 0-36 

3 43-5 53-8 10-3 0-24 27-0 0-38 

4 47-0 57-5 10-5 0-22 30-2 0- 

5 45-0 55-0 10-0 0-22 28-0 0-36 
Ox 


‘The value of the extension ratio is least for the sheep cells, greater for ; 


F ‘ the cells of the ox, still greater for those of the rabbit, and greatest for the 


4 
q 
2 620 808 188 030. 460 0-41 

3 54-0 70-0 16-0 0-30 37-5 0-42 4 
4 62-0 81-5 19-5 0-32 46-0 0-42 a 
5 61-4 80-8 19-4 0-32 45-5 0-42 a 
Rabbit 1 735 100-0 26-5 0-36 59-4 0-44 4 
2 78-0 109-0 310 0-40 65-0 0-47 3 

3 15-2 98-5 23-3 0-31 610 0-38 : 
4 75-2 99-0 23-8 0-32 61-0 0-39 7 
5 75-0 98-5 23-5 0-31 60-5 0-39 q 
Man 1 94-0 128-0 34-0 0-36 86-0 0-40 4 
2 100-5 147-5 470 0-45 96-0 0-49 * 
3 99-0 140-0 410 0-41 93-0 0-44 3 
| 4 90-0 121-0 31-0 0-35 80-0 0-39 4 
5 95-0 129-5 34-5 0-35 87-0 0-40 q 

q 
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cells of man (average values; 0-22, 0-30, 0-34, 0-38). At first sight it. is 
difficult to explain this, unless we fall back on the unsatisfactory hypo- 
thesis that the structure of the membrane of one kind of cell is different 
from that of the membrane of another, and that the difference, whatever 
it may be, results in greater or lesser extensibility. The matter becomes 
more understandable, however, if we examine the figures for the initial 
volumes of the cells and for the absolute increases in area which can occur 
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Initial cell volume, p* | 
Fig. 1. Line A, data for cells in hypotonic serum; line B, average data for 

| cells in hypotonic NaCl. | 
before rupture (columns 5 and 6 of Table II). Dividing the one by the 
other gives 0-40 + 0-039 as the mean value for dA/V,, i.e. this ratio is 
constant to within + 10 p.c., and the result of plotting the increase in area 
against the initial volume is a very good straight line through the origin, 
as is shown in Fig. 1, line 4. Line B shows the result of plotting mean 
values obtained some time ago by somewhat different and less satisfactory 
methods for red cells in hypotonic NaCl instead of hypotonic plasma}; 
the absolute increases in area are less than in hypotonic plasma, for the 


_ }# Ashort account of these methods, now superseded, will be found in Ponder (1933 6). 
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: critical values are smaller [cf. Ponder and Robinson, 1934], but the 


relation is linear, as before. 

It is interesting to speculate on the meaning of this linear relation. We 
can think of the cell envelope as a fluid or semi-fluid film, the permeability 
of which is governed by the properties of a few layers of molecules, 
altogether about 0-003-0-01 thick [Fricke, 1925-6]. This layer, of 
course, is thinner than the morphological envelope as a whole, and may 
be situated on the surface. Let us stretch the envelope as a whole, and 


imagine that molecules can be drawn from various regions of the envelope 


in order to augment, or even repair, the layer upon which the permeability 
depends. We shall then have a “reserve” of material available to enter 
the latter layer when the envelope is stretched, and it is likely that the 
quantity of such material will be proportional to the mass of the envelope, 


which again is probably proportional to the cell volume. As the thin layer 


upon which the permeability depends is stretched, its thickness will 


- accordingly suffer no diminution, for the “reserves’’ will make good the 


deficiency caused by the extension. This will go on until the “reserves” are 
exhausted, after which the thin layer will rupture and lysis will occur, 
and under such circumstances we will obtain the linear relation between 
cell volume and maximal increase in cell area which is found. Moreover, 
during the stretching of the thin layer and its continuous repair by a 
redistribution of the “‘reserves,’’ it is not unlikely that the layer should 
become temporarily permeable to small ions which ordinarily could not 
pass through it, and that this may be connected with the loss of cations 
into hypotonic solutions with which the earlier papers of this series have — 
This hypothesis may appear highly speculative, but it is supported 
by an unpublished observation communicated to me by Drs Fricke 
and Curtis of this laboratory, viz. that when the red cell area increases 
in hypotonic solutions, the capacity per unit area is unchanged. If the 
reasoning upon which our present estimate of the thickness of the semi- 


- permeable layer is based is sound, this constitutes unequivocal evidence 
that the layer is not thinned when it is stretched. 


In conclusion, it ought to be pointed out that the linear relation 
between cell volume and maximal possible increase in area is almost 


certainly true for the red cells of the mammalia in general, for if all the 


animals for which there are available data are arranged in order of their 
red cell volumes, they are also arranged in order of the degree of hypo- 
tonicity which just causes hemolysis [see Krum baa hr, 1928]. Thisis very 


: ; strong — of a linear relation between volume and increase in area, 
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animals, two at the ends and two in the middle part of the range. = 


SuMMARY. 


1. The fact that the red colls of different mammals show different 
fragilities in hypotonic serum is shown to be due to the different types of © 
cell assuming different critical volumes, :.e. swelling to a different extent 
without losing hemoglobin. _ Differences in water content and in the 
extent to which the cells behave as “perfect osmometers” play on | a 
minor part in determining the fragility. 

2. In the four types of cell studied (sheep, ox, rabbit and man), the 
maximum increase in cell area compatible with the integrity of the cell is 
a linear function of cell volume. This is accounted for by supposing that the 
thin layer of the envelope upon which permeability depends does not 
- undergo thinning as it is stretched, but that it is augmented during its 
extension by a transference of materials from eee regions of the 
cell envelope. 
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EXCITATION AND INHIBITION IN THE RETINA 
AND IN THE OPTIC NERVE. 


By RAGNAR GRANIT ann P. 0. THERMAN. 
(From The Physiology Institute, Helsingfors University.) 


(Received October 26, 1934.) 


In the course of their pioneer work on the impulses in the optic nerve 
of the conger eel, Adrian and Matthews [1927 a, 6; 1928] also made 
some valuable observations bearing on the relation between the retinal 
action potential and the discharge through the nerve. Thus they found 
that the well-known off-effect of the retinal response was accompanied 
by an equivalent outburst of impulses in the nerve, and this observation 
has since been confirmed by one of us [Granit, 1933] with the cat’s eye 
and optic nerve. With regard to the other phases of the retinal response 
their evidence was less definite, apparently owing to the fact that none 
of the analyses of the complex retinal action potential could be relied 
upon to offer a sufficiently definite starting-point for a comparative study 


of the processes in retina and nerve. But they found the discharge to 


follow after a constant interval from.the beginning of the initial negative _ 
a-wave of the retinal response. 

Our attempt to analyse the nervous discharge in terms of the com- 
ponents of the retinal action potential presupposes knowledge of the 
work previously carried out by one of us [Granit, 1933] as well as by 
Granit and Riddell [1934]. It has been shown that in the cat’s eye 
the retinal response consists of two positive components, P I and P II, 
which in various ways can be removed selectively from the complex 
action potential, PI together with PII is responsible for the slow 
secondary rise of the galvanometer following the fast initial phases, of 
which the positive b-wave is due to P II. The initial negative a-wave is 
part of the negative component P III, which then continues hidden under 
the positive slower phases, and by its rapid return towards the base line 
at cessation of illumination causes the off-effect or d-wave by releasing 
the more slowly disappearing positive components, particularly P II. 
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- PI could not be shown to be associated with the discharge in the nerve, 
but when P II was removed the impulses disappeared. As the off-effect 
was found accompanied by a renewed outburst of impulses in the nerve, 
and as the positive P II was found associated with excitation, it was 
concluded that the release of positivity and the equivalent release of 
impulses at “off” meant that the negative P III during stimulation 
somehow had curbed excitation. P III was accordingly held to be the 
potential sign of inhibition and the off-effect by definition described as 
a “post-inhibitory rebound.” (The analysis of the electrical response of 
_ the light-adapted frog’s retina is given in Text-fig. 5.) : 

In substance this argument was deduced from a line of thought that 
has proved to be correct in reflex work [see e.g. Creed, Denny-Brown, 
Eccles, Liddell and Sherrington, 1932]. But as long as the negative _ 
component was only obtained as the final stage in the activity of agents 
removing PI and P II, it was difficult to put the argument to a direct 
experimental test. This difficulty has now been disposed of since Granit 
and Riddell [1934] showed that a flash falling early in the normal 
off-effect of the frog’s eye first selectively activates P III and causes a 
deep negative “notch” in the record. Actually the flash also stimulates 
P I, unless the interval of darkness is very short, but, owing to the fact 
that after stimulation with light P II recovers at a slower rate than P III, 
it is possible for a short while after cessation of illumination to activate 
in @ normal eye a practically pure P III. As the negative notch means 
partial or complete removal of the off-effect, the test of P III is carried 
out against a background of excitation in the nerve, and it should be easy. 
to find out whether activation of P III implies diminution or cessation 
of the discharge at “off” [see a preliminary report by Granit and 
Therman, 1934]. The results to be reported below centre around this 
question, but at the same time we have taken up the more general prob- 
lem of equivalent phases and components of the response in retina and 
nerve. “ White”’ light has been used throughout this work. A study with 
monochromatic light is in preparation. | 


MerHop. 
_ The large Hungarian frog was found to be the most suitable prepara- _ 
tion for comparing retinal action potentials with the discharge in the 
nerve. A longer optic nerve may be had with fishes such as Anguilla 
vulgaris and Lota vulgaris, but their retine: and optic nerves die very 
quickly, even though care be taken to adjust the osmotic pressure of the 
‘Salines used around values given as maxima and minima for various 
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fishes?, This was noted already by Kiihne and Steiner [1881]. The 
large and rigid eye of Esox lucius is easy to handle, but also dies within 
a very shott time. The retinal action potential of the dark-adapted 
freshly excised eel’s eye (Anguilla) looks like the retinal response of a 
frog and changes with light-adaptation as does the latter, but in order 
to observe this change it is necessary to use several eyes, Within a few 
minutes the brisk positive phases become sluggish and small; the initial 
phase is then dominated by a large négative a-wave; the negative com- 
ponent again comes to sight after the greatly diminished b-wave, and the 
off-effect, as a rule, takes place chiefly below the base line. This type of re- 
sponse, which clearly is abnormal, may be had for a considerable time after 
excision of the eye. Impulses may then be recorded from the optic nerve. 

‘Both retina and optic nerve of frogs can be relied upon to give 
reasonably constant responses for half an hour or more, and to remain 
active for a considerably longer period. The optic nerve is short, about 


7.mm., but the slower retinal change can nevertheless be filtered out by = 


suitably chosen condensers in the amplifier. The dissection of the prepara- 
tion must be carried out in good light, but if dark-adaptation is wanted 
the eye may be left to dark-adapt on the electrodes. 

The preparation was put into a small ebonite holder and the optic 
nerve drawn out through a slit in the holder and put on two silver- 
silverchloride pins covered: with cotton-wool dipped in saline and leading 
to the input of a five-stage condenser coupled amplifier. Cotton wicks 
were taken to cornea and back part of the bulb and connected with 
silver-silverchloride wires serving as retinal electrodes. The ebonite 
holder was mounted inside a black shielded and earthed box. A lens of 
+8D was put into a separate holder in front of the eye, when the stimuli 
appeared as projections of light on a ground-glass screen at a distance of 
50 cm. from the eye. No lens was used when the lamp was allowed to 
shine directly on the eye. The correction was determined by direct 
observation of an image through a hole in the sclera [see Adrian and 
Matthews, 1927 a], observed through a microscope. The ground-glass 
was used when a limited area on the retina was wanted in order to restrict 
the number of active fibres in opticus. The glass was covered on the back 
by black paper in which a hole was left for the beam of light. The diameter 
of the area stimulated could be varied from 1 to 6° of visual angle by means 
of a metal screen fitting close to the surface of the paper. This part of the 
apparatus was, in fact, similar to the one used by Granit and Harper 
[1930], and the lamp was the one used by Granit and Riddell [1934], 


2 See Tabul. diol., Berl., 1, 1925. 
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here set up to produce an intensity of about 1000 m.c. at the eye with 
the ground-glass removed. 

The movement of the shutter, determining the exposures, was 
originally recorded as an electric artefact on the film recording the 
nervous discharge, but later the prisms, leading part of the beam to the 
camera serving the string galvanometer (for records of retinal potentials), 
were made adjustable so that the beam of light stimulating the eye could 
be photographed directly with either camera. 

As chief recording instrument we used a Cossor cathode-ray oscillo- 


_ graph, Type C, coupled to the Cossor “power unit!.” The latter was — 


driven by a Rotax converter transforming the D.o. of the mains to 4.0. 
for the unit. The filament was heated separately by a 2 volt accumulator. 
The output of the condenser coupled amplifier was taken to one pair of 
deflector plates within the tube. The other pair was connected to the gun. 


The cathode ray was focussed on to the film of an Edelmann camera. The 


retinal response could be recorded by a separate system comprising a 


_ directly coupled amplifier, a permanent magnet Edelmann string galvano- 


meter and a small Cambridge camera. But as we were chiefly interested 
in the fast phases of the retinal response, the amplifier serving the cathode- 
ray oscillograph was made with three sets of condensers which could be 
rapidly exchanged by means of switches. With the slowest 0-2 pF. 
condensers the response to a constant change of potential fell to half its 


initial value in 0-45 sec. The corresponding values for the 0-02 and 


0-005 nF. condensers were 0-015 sec. and less than 0-005 sec. respectively. 
The largest condensers were always used for retinal recording, the smallest 
generally for records from the nerve. The usual controls were made to 
exclude artefacts [see preliminary report, Granit and Therman, 1934]. 
At times, on illumination, minute deflections were observed with a killed 
nerve on ¢hecelectrodes. These could be traced to the retina and easily 
distinguished from the nervous response. Often no leakage whatsoever 
was noticed. The limits of amplification and the effect of shunting within 


a small nerve containing numerous thin fibres have been discussed by 


Adrian and Matthews [1927 a] and need not detain us here. 


REsULTs. 


The type of discharge. Synchronization. __ 
Several observers {Einthoven and J olly, 1908; Chaffee, Bovie 
and Hampson, 1923; Granit and Riddell, 1934; Smit, 1934] have 


noted with the frog’s eye that, despite continuous illumination, there 


+ Messrs Cossor, Catalogue 3232, 
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INHIBITION IN RETINA AND OPTIC NERVE. 
may appear small extra waves on the b-wave or on the off-effect of the 


 yetinal action potential. Some have seen them on either 6- or d-wave 


(off-effect), some on both these phases, Chaffee, Bovie and Hampson 
even found it necessary to account for the extra waves on the b-wave by 
suggesting several theoretically possible solutions of the retinal action 
potential, whereas Granit and Riddell [1934] pointed out that the 
extra waves on the b-wave most probably were artefacts from the nerve. 

Our experiments show that the typical discharge in the nerve at “‘on”’ 
and “off” is a very much synchronized one (see e.g. Pl. I), less marked 
in some eyes, but very obvious in others, particularly at high intensities 
of stimulation. The synchronized volleys are sometimes of large potential 
and are then easily picked up by the retinal electrodes. In such cases it 
is possible to record a wavy retinal response at “on” and “off,” even 
with the ‘smallest condensers in the amplifier. Sometimes the wavelets — 
on the b-wave and the off-effect disappear when the nerve is cut or pinched 
with forceps near the bulb, They have then been artefacts from fibres 
outside the bulb, as suggested by Granit and Riddell [1934]. But at 
times they remain, despite cessation of activity in the nerve. The most 
probable explanation of the phenomenon would then seem to be that the 
retinal electrodes have been suitably located relative to the intraretinal 
fibres in the optic nerve. On the other hand, it will be demonstrated 
below that there is a definite relation between the retinal action potential 
and the discharge in the nerve. If large retinal areas act in unison with 
synchronous periods of rest and activity, it is, therefore, to be expected 
that synchronization in the nerve will be accompanied by synchroniza- 
tion in the retina. Our experiments cannot decide between the last two 
possible sources of wavelets on the retinal response. But we know enough 
nowadays about synchronous activity in nervous centres and the nature 
of the retinal response not to suggest a new analysis of the retinal action 
potential when a wavelet appears on its b-wave or off-effect. 

Adrian and Matthews [1928] described synchronous activity in 
the eel’s optic nerve, and state that the essential condition for obtaining 
a discharge of the rhythmic type is an even illumination of a very large 
part of the retina. The rhythm appeared after the light had been on for 
a few seconds, In our experiments there was generally some indication 
of a rhythm at “‘on,” but it disappeared during prolonged illumination. 
Rhythm was generally best marked during the off-effect. It hardly ever 
failed to appear during this phase of the discharge, provided that the 
intensity of the stimulating light was sufficiently high. In Pl. I, record D, 
the off-effect can be seen to develop into a typical rhythmic discharge, 
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gradually damped out as the activity of the retina evanesces during 
darkness. The frequency of the rhythmic volleys diminishes with 
diminishing area and intensity. Thus, in the record D of Pl. I, the beats 
occur at a rate of about 29 per sec. with the 4° area used in this experi- 
ment. The record B of the same plate was taken a few minutes later with 
a 1° area. The synchronous volleys do not appear. The dependence of the 
synchronization upon area and intensity was also noted by Adrian and 
Matthews [1928]. We did not experiment with a very large evenly 
illuminated area, which probably explains our failure to see the rhythm 
appear in an eye left in the light, but quite often we removed cornea and 
lens and left the eye exposed to the full intensity of the stimulus. In 
such circumstances spontaneous rhythmic activity did not occur before 
the light was switched off. 

The resemblance between the spontaneous rhythmic anicsinne and 
rhythmic volleys of impulses, caused by intermittent stimulation, was 
pointed out by Adrian and Matthews [1928]. At the back of it seems 
to be an inherent capacity of the retina to react rhythmically with a 
frequency dependent upon its own level of activity. The fusion frequency 
of intermittent stimuli increases with increase in area and intensity, as 
is easily demonstrated with the frog’s optic nerve [cf. Adrian and 
Matthews, 1928, for the same result with the eel’s optic nerve], and so 
does the frequency of the spontaneous rhythmic beats. The limiting rate 
of the rhythmical discharge with flicker is rarely above 25, unless the 
bulb is opened, when values about 30 may be obtained. Well-developed 
spontaneous volleys may occur at a frequency of about 30-45 per sec. 
when a forced rhythm (intermittent stimulation) would appear fused. In 
this respect our results differ from those of Adrian and Matthews 
[1928], who state that the limiting rates of flicker and spontaneous 
rhythms are the same. But then they also mention “occasional patches”’ 
of higher frequencies of spontaneous beats which are more likely to 
belong to the category of phenomena that we have observed. . 

As to the discharge between “‘on” and “off” of the stimulus; the 
most significant fact seems to be that, within very wide limits of area, 
intensity and state of adaptation, the adaptive mechanisms of the eye 
sooner or later set up a roughly constant level of activity, a fact which 
also characterizes the retinal action potential (constant level of potential). 
The same also holds good for human vision, as recently emphasized by 
Wright [1934] in some interesting experiments showing that the ap- 
parent brightness is gradually reduced to constancy no matter what the 
initial intensity happens to be. (See also below, section on PI.) 
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PIII and inhibition. 


In Text-fig. 1, A is the normal off-effect in the retina, recorded with 
the large condensers in the amplifier of the Braun tube. C shows how 


{ . this off-effect is cut down by a flash of about 118¢, following at an interval 


a 


Text-fig. 1. A and B, off-effects in retina and nerve respectively; C and D, off-effects in 
retina and nerve respectively, but off-effects interrupted by flash of light. Stimulus 
photographed below record of tuning fork of 100 periods. Every 1000 marked by dot 
in Indian ink. Full intensity (no ground-glass). Note: — of film varies somewhat 
from record to record. Explanation in test. 


4 of about 100¢ from cessation of illumination. This is the effect that was 

shown by Granit and Riddell [1934] to depend upon activation of the 
negative component PIII. The negative notch is followed by a new 
positive phase. There is some amplifier distortion in the records, but this 
need not concern us here. B shows the discharge in the optic nerve at 
“off,” taken at a fairly low sensitivity and slow speed of the film. There 
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is a heavy initial discharge, followed by irregularly synchronized waves 
of impulses. In D a flash of about 120c interrupts the normal course of 
the off-effect after an interval of 100c. Intervals and flashes are within | 
a few o identical in retina and nerve. It is evident that the negative 
notch, signifying activation of P III in the retina, has its counterpart in 
the nerve in a period of diminished activity. Similarly the renewed rise 
of the retinal action potential is accompanied by a new outburst of 
activity in the nerve. Thus negativity and positivity in the retina seem 
to be mirrored in the nerve by inhibition and excitation respectively. — 

The same experiment is shown in Pl. I with another eye, but the 
ground-glass has now been put in and the diameter of the stimulating 
patch of light has been reduced to 4° of visual angle in the pair C and D, 
and to 1° in the pair A and B, The film is running faster (55 cm. per sec.) | 
and the sensitivity of the instrument has been increased. In each pair of 
curves the lower one is the control showing the normal off-effect in the 
nerve. The upper one shows the inhibitory effect of the flash, superimposed 
upon the off-effect, with the period of maximal inhibition indicated by a 
horizontal line in Indian ink in the record. The inhibition in both cases 
is followed by a phase of renewed activity in the nerve. 

Sometimes there is even less synchronization with the 1° area than 
in the upper pair of curves, and it is then possible to count the frequency 
of the impulses during the off-effect. Great accuracy cannot be expected, 
but the general trend of the result is definite enough : the inhibition during 
the negative notch is genuine in that the frequency of the impulses is 
reduced. It is therefore not a question of cessation of synchronization. 
Likewise the frequency of the impulses increases during the positive 
phase following upon the inhibitory notch in the retinal action potential. 
The upper curve of Text-fig. 2 is a control and shows the frequency of 
the impulses in the optic nerve during the normal off-effect, the lower 
curve (drawn in full) demonstrates the inhibition and the post-inhibitory 
excitation following a flash, the length of which is indicated by the hori- 
zontal thick line below the curve. The readings marked in the figure have 
been obtained from five successive exposures of the same eye to identical 
conditions, three of which refer to the control. 


_ PIL and post-inhibitory excitation, The nature of the latent period. 

It was shown by Granit and Riddell [1934] that the positive rise 
following the negative notch in the off-effect varied in character with the 
interval between the flash and the end of the previous stimulus. At short 
intervals it never rose above the level of the off-effect and, in fact, 
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Gaps of darkness in a continuously light-adapted eye. Full intensity ( ). 
A and D. retinal records, the rest nervous responses. Every 50 marked with dots. 
Gaps marked by lines in Indian ink. Duration of gaps: A, below 50; B, below 5c; 
C, 400; D, 180; #, 150; F, 1150; G, about 500c. A, Band D from the same experiment ; 
C, #, F and G from another experiment. Note: synchronization as in G being inhibited 
in F. Explanation in text. 
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Fig. 2 (lower curve). 
Text-fig, 2. Frequency of impulses during off-effect plotted against time in ¢. Upper curve, 


off-effect; lower curve, same with flash superimposed as indicated by horizontal line. 
The dotted line is the upper curve re-drawn. Ground-glass. Diameter of area restricted 


to 1°. Full intensity. 
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represented mere resumption of the off-effect after the interruption 


caused by the reactivation of P III. At longer intervals there appeared 


in addition a positive peak above the level of the off-effect. This extra 
positivity was shown to depend upon activation of fresh P II. The off- 


effect itself is remnant P II, released by the return of P III towards the 
base line [see Text-fig. 5 below and also the analysis of the frog’s retinal 
response, Granit and Riddell, 1934, p. 7]. As the flash is of the same 
intensity as the previous adapting stimulus, it can hardly be expected 


to elicit fresh P II before some recovery has taken place, ¢.e. before the 
remnant P IT of the previous stimulus has fallen below plateau height. 


This is the earliest moment for a positive peak above the level of the 
off-effect to appear. Granit and Riddell [1934] found with strong 
stimuli that reactivation of P II required some 150-2000 to elapse from 
the cessation of previous illumination. The recovery of P II is thus a slow 
affair compared with the almost immediate recovery of P III, and by 
algebraical summation of potentials an off-effect ensues. 

In order to determine the moment of reappearance of P II in the 
retina and compare it directly with events in the nerve, without recourse 
to the laborious process of counting the impulses, we modified the 
procedure of Granit and Riddell [1934]. The flash, thrown in at various 
points along the off-effect, was exchanged for a continuous light of the 


same strength as the previous adapting illumination, a method used 


already by Piper [1911], and which in practice amounts to systematic 
lengthening of a “gap” of darkness in an otherwise continuously illu- 


minated eye. The stimulus, reappearing after the gap of darkness, 
reactivates the negative P III in the same way as the flash, used above, 
but whereas the latter was followed by a revival of the off-effect, some- 


times (long intervals) mixed with fresh P II, the continuous light prevents 


the off-effect from reappearing after the gap of darkness. Thus positivity, | 


activated by the stimulus after the interval of darkness, is due to re- 
activation of P II, and it is easy to determine the exact moment of its 
appearance. 

Pl. II, A and B, shows what happens in retina and nerve respectively 
when the gap of darkness is very short. A small off-effect in the retina 


is accompanied by a group of impulses in the nerve, but both are cut 


down by reactivation of P III [Granit and Riddell, 1934] restoring 
status quo ante. The extraordinary rapidity of the light-adapted frog’s 
eye should be noted. The gap of darkness is below 5c. (With short inter- 
vals it is necessary to use high sensitivity in order to see anything at all 


in the retina; the impulses are easier to detect. with moderate sensitivity 
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as apparently several impulses reach the electrodes simultaneously.) But 


the gaps of darkness need not be very much lengthened before restoration 
of status quo ante ceases to be the sole effect of the reappearing stimulus. 
Already with gaps of the order of magnitude of 10c there are signs of 
post-inhibitory excitation. Curve F£ (Pl. II) shows a late secondary 
discharge in the nerve, and a new rise in the retinal record is indicated 
in curve D. The effect of further lengthening of the gaps of darkness is 
shown in records C, F and G (nerve). Inhibition of the discharge at “off” 
is followed by re-excitation, increasing in strength as the period of rest 
in darkness increases. In the retina the pure negative dip, caused by the 
reappearing stimulus, is followed by a positive swing. The negative dip 
and the positive swing were shown by Granit and Riddell [1934] to be 
the initial phases of the retinal action potential, known as the a-wave 
(due to P IIT) and the b-wave (due to P II), a fact easily understood when 
it is realized that a lengthening of the gap of darkness gradually liberates 
the retina from the after-effects of previous stimulation. The reappearing 
stimulus becomes an independent stimulus. By lengthening the gap of — 
darkness it is thus possible to trace the origin and development of a- and 
b-waves, correlate them with events in the nerve, and analyse the latent 


period. 


Returning now to the question of the moment of reappearance of P IT 
(the 6-wave), we find that the earliest signs of this phase in the retina 
and the equivalent discharge in the nerve fall around values of the order 
of magnitude of 150c, counted from cessation of stimulation. In record E 
the post-inhibitory discharge, corresponding with the b-wave, appears 
after about 2000. Shorter values may be had with enucleated eyes, longer 
by weakening the strength of stimulation. There seems to be an optimal 
duration of the gap of darkness for both retina and nerve of the order of 
magnitude of 30c, characterized by post-inhibitory excitation appearing 
with minimal delay. Naturally, as the gap lengthens, its own duration 
postpones the moment of reactivation of P IT. With very short gaps the 
inhibition of the off-effect dominates the picture. All these facts agree 
very well with the results obtained by Granit and Riddell [1934], and 
give the additional information that reactivation of P II, causing a new 
b-wave of positivity, is accompanied by a discharge in the nerve. 

But the moment of reappearance of P II is more interesting still from 
another point of view: its latent period relative to the beginning of the new 
stimulus, The latter, as we have seen, activates an a-wave (negative P ITT) 


____ accompanied by inhibition, followed by a b-wave (positive P IT) coincident 


with excitation. Accordingly the latent period of the excitatory effect 
| 24—2 
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(b-wave and discharge) consists of two phases: (1) the deaninict of the 
inhibitory effect coinciding with the a-wave (P III); (2) the latent period 
of the excitatory process itself. It is hardly probable that the excitatory 
process should lack a latent period of its own, and that the whole of the 
interval between stimulus and excitation should be consumed in over- 
coming inhibition. The latent period of the excitatory effect, above rightly 
_ termed post-inhibitory excitation, decreases with a lengthening of 
the gap of darkness. This may be seen by comparing curves H, C, F 
and @ of Pl. II. In @ the latent period is about 100c. By further 
lengthening of the gap of darkness the latent period ultimately reaches 
a value about 40c. Is it then the duration of the inhibitory phase, or is 
it the latency of the excitatory process that shortens? The experiments 
provide no definite answer to this question, as it is difficult to know where 
_ the one begins and the other ends, but it seems probable that both phases 
of the total latency are shortened. 

For the sake of completeness it should be added that the latent period 
also contains a third factor—the duration of the initial ——— 
process, of which nothing is known. 

From many points of view it is important to realize that stimulation 
with light elicits inhibition as well as excitation, and that the inhibitory 
process precedes the excitatory process. The fact that in the retina the 
corresponding phenomena are a negative a-wave and a positive b-wave 
means, in connection with latencies, that it is impossible to establish a 
precise correlation between the b-wave in the retina and the appearance 
of the discharge in the nerve. The recording instrument shows only the 
point at which the balance between negativity and positivity turns in 
favour of the latter (b-wave). In stating above that the reappearing P II 

(b-wave) is accompanied by a discharge in the nerve, we have therefore 
not been able to base this conclusion on measurements of the interval 
between b-wave and nervous discharge. It is only possible to state that 
they are approximately simultaneous. But the impulses quite often 
start during the a-wave [cf. Adrian and Matthews, 1927 a]. Of more 
importance is the fact that changes in the latent period of the b-wave 
are reflected by corresponding changes in the latent period of the retinal 
discharge. There is also some correspondence between retina and nerve 
with regard to size of b-wave and size of discharge: they both increase 
and decrease in the same fashion with changes in the experimental 

conditions. 

In view of the fact that the latent period of the discharge involves 
some — — with the time taken by the excitatory process 
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to reach threshold value, it is difficult to see what it means to measure 


‘ the interval between the latent periods of the retinal action potential and 


the nervous discharge in order to obtain the interval between the processes 
in retina and nerve. This latter interval, shortened R.N. interval, can be 
of real significance only when a positive or negative change in the retinal 
action potential is unopposed by a change in the opposite direction. This 
is the case at “off.” During the off-effect the negative P III swings 
back towards the base line releasing positivity, but not opposed by it. 
Thus a 8.N. interval can be obtained which gives some indication of the 
time:-passed between a change in the retina (off-effect) and the outburst 
of impulses (off-discharge) in the nerve. A correct figure can only be 
obtained from experiments in which high intensity and high sensitivity 
have been used, as otherwise the starting-point, particularly in the retina, 
is too indefinite. Collecting values from our best experiments we find 
that in most cases the nervous discharge follows after the retinal effect; 
the R.N. interval is positive and lasts about 3c. But in some 25 p.c. of 
the experiments the R.N. interval is negative, again averaging about 3c. 
We conclude from this that the excitatory disturbance experiences very 
little, if any delay between the structures that give rise to the retinal 
action potential and the nerve. (With gaps of darkness shorter than the 
latency of the off-effect, the latter is delayed in both retina and nerve.) 

Adrian and Matthews [1927 a] found a constant interval between 
the beginning of the a-wave and the beginning of the nervous discharge. 
We have seen above that the a-wave involves inhibition, and that the 
discharge, connected with the positive b-wave, follows after a latent 
period including an inhibitory phase. The R.N. interval, measured by 
Adrian and Matthews [1927.4], cannot therefore indicate “synaptic 
delay” between retina and nerve. The figures which they obtained ranged 
between 50-90c. The true “synaptic delay” is less than 30, ec by 
the off-effect. 

Intermittent stimulation. 


The frog’s retinal reaction to intermittent light was analysed in detail 


bs 3 _ by Granit and Riddell [1934], who showed that the intermittent ripples 


on the retinal action potential were produced by P III and P II inter- 
acting, remnant P TI (off-effect) causing the positive and P III the negative 
phase of the intermittent waves. Connecting to the previous section we 
could describe the waves of flicker as elicited by a series of gaps of dark- 
ness in an otherwise continuous illumination. Each gap of darkness 


a releases the off-effect which the next phase of light cuts down with a 
negative wave. At slow frequencies of stimulation, fresh P II may be 
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elicited in addition to the positivity given by the off-effect alone. From 
the results of the previous sections it follows directly that flicker is 
~ interaction between excitation and inhibition. 

Some observations with flicker will here be used as further corrobora- 
tion of the connections between the components of the retinal action 
potential and the discharge in the optic nerve. Granit and Riddell 
[1984] noted that, at high frequencies of stimulation, the retina some- 
times responded with intermittent waves to every second stimulus, but 
did not mention it in their paper as further confirmation seemed desirable. 
Since then the phenomenon has been noted very often in this laboratory, 
both with the retinal action potential and with the discharge in thenerve. — 
With high intensities and an enucleated eye it is almost the rule. Further 
analysis has shown that an increase in sensitivity generally reveals a 
smaller retinal wavelet or nervous discharge between the larger response 
to every second stimulus, as may be seen in Text-fig. 3. The phenomenon | 
is interesting in itself, but is here chiefly mentioned as further corrobora- 
tion of the fact that the size of the positive phases in the retina is roughly 
reflected by the discharge in the nerve. 

Text-fig. 5 also shows another interesting fact: as the frequency of 
intermittent stimulation decreases, the position of the nervous discharge 
relative to the flash shifts, if the beginning of the flash be taken as the 
standard of comparison. Again the same change may be noted in the 
positive phase of the retinal action potential. 

The fusion frequencies are identical in retina and nerve, provided that 
sufficient sensitivity be used in both cases. The fusion frequency increases 
in both retina and nerve with increase of area and intensity of stimulus. 

The reaction to intermittent stimulation is being studied by one of us, 

_ and is mentioned here merely to supply further evidence with which to 
substantiate the conclusion that P II-positivity and P III-negativity in 
the retinal response are associated with excitation and inhibition re- 
spectively. In all our work we have never had reason to depart from this 
simple scheme in drawing inferences about the retinal action potential 
from the nervous discharge and vice versa. It.is perhaps not necessary 
to burden this paper with a description of equivalent changes in retina 
and nerve in response to variations in area, intensity and state of adapta- 
tion, Changes in the latent periods of the retinal reactions at “on” and 
“off” have always been found associated with equivalent changes in the 
nerve, and there has also been a rough qualitative correspondence between 
the size of the b-wave or the off-effect and the frequency of the equivalent 
discharge in the optic nerve, judged by the displacement of the cathode 
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ray upwards in the pictures. On the other hand, it often looks as if the 
maximum of the discharge, judged by the same criterion, were reached 
before the corresponding positive phase in the retinal response is maximal. 
On account of the great number of fibres in the optic nerve it is difficult 
to compare corresponding events quantitatively. 


> % 


Text-fig. 3. Synchronized beats of impulses in light-adapted eye reacting to intermittent 
stimulation. Marked as Text-fig. 1. Enucleated eye, full intensity (no ground-glass). 
Frequencies of stimulation: A, 27-8; B, 21-8; C, 17-0; D, 10-3, and Z, 6-7 flashes per 


sec. Explanation in text. 
Is PI associated with actwity in the nerve? 


P I is responsible for the secondary rise of the retinal action potential 
of the dark-adapted eye. It disappears from the frog’s eye after light- 
adaptation. In a well dark-adapted, freshly excised frog’s eye, the 
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| sepondary 2 rise or ¢-wave reaches a potential which quite often is higher 
than that of the b-wave. In Text-fig. 4 the ordinates of the retinal action 


potential, recorded with string galvanometer.and directly coupled ampli- 


fier, have been plotted above the curve relating frequency of impulses 


to time of exposure for a period of about 8 sec. During the initial phases 


at “fon” and “off” it has been impossible to make even an approximate 
- count of the number of impulses. After about 1 sec. the nervous discharge 
is carried on at a constant rate. P Irisesafter about 2-5sec., but obviously 
without having any effect whatsoever on the frequency of the impulses 
inthenerve. A small effect, keeping itself below the limits of instrumental 
sensitivity, is difficult to exclude, but it is hardly necessary to postulate 
any relation between retinal components and impulses which cannot be 
proved to exist. 


0 ! 2 3 4 5 6 7 "3 3 10 
Text-fig. 4. Frequency of impulses in dark-adapted eye, plotted against time of stimulation 


(dotted line). Qrdinates of corresponding retinal action potential also plotted sss | 


a Explanation in text. 


Synaptic interaction. 


Bridenes of synaptic interaction in the retina was first brought — 


forward by Adrian and Matthews [1928] and later by Granit (1930, 
1933}, The spontaneous synchronization of impulses, referred to above, 
can hardly be explained except by assuming interaction of some kind 
forcing distant areas to discharge in unison. The facilitating influence of 
strychnine on synchronization [Adrian and Matthews, 1928] localizes 
this process of interaction to the synapses, and further support for this 


view is found in the fact that synchronization also is a feature of the — 


activity of motor neurones [see ¢.g. Adrian and Bronk, 1928]. The 
shortening of the latent period of the discharge with an increase in area 
stimulated [Adrian and Matthews, 1927a] must also be regarded as 
evidence in favour of nervous interaction, as Adrian and Matthews 


[1928] in a well-known experiment showed it to take place over areas — 
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- some distance apart. The same phenomena may be demonstrated with 


the retinal action potential [Granit, 1933], but they are absent in the 


Bi __ eye of Limulus (Graham, 1932] which lacks the internuncial neurones 
of the vertebrate eye. 


Interaction is clearly shown by the reaction to intermittent light. As 
a convenient index may serve the fusion frequency in retina and nerve. 
Adrian and Matthews [1928] showed that the fusion frequency in the 
eel’s optic nerve rose with an increase in area or intensity; Creed and 
Granit [1933] obtained the same result with the cat’s retinal action 
potential, and found the fusion frequency to be inversely proportional 
to the latent period. During the course of this work we have several 
times observed the fusion frequency in both retina and nerve in response 
to variations in area or intensity and been able to confirm the results 
referred to. The formally new point, however, is that the changes in the 
fusion frequencies are reflected similarly by retina and nerve. This 
justifies the conclusion that the events leading up to interaction have 
taken place in front of the locus responsible for the electrical reaction 
of the retina. From this fact follows directly that the electrical response 
of the retina takes place in the synaptic layers, as the individual rods 
and cones are known to be separated up to the point where their basal 
ends join with bipolars, lateral horizontal cells and other receptors. 

As excitation and inhibition cooperate in producing the reaction to 
intermittent light in the frog’s eye, inhibition (P ITI) in particular being re- 
sponsible for the increase in the fusion frequency with light-adaptation, 
(Granit and Riddell, 1934) it is to be expected that the shortened 
latent period of the discharge (P II) with increase of the area stimulated 
should be accompanied by a similar shortening of the latent period of 
inhibition (P III). This, in point of fact, is the case. In Pl. I, showing 
the inhibitory effect of flashes on the off-effect, record C is obtained with 
a 4° area, record A with a 1° area. A glance at the figure shows that 
the inhibitory effect is very much delayed by a decrease in the area 
stimulated. With the 1° area maximal inhibition occurs after 2000 from 
the beginning of the flash; with the 4° area the maximal inhibitory effect 
has a latency of only 120c. The intensity effect on the latent period of 
the inhibitory a-wave of the retinal action potential is well established 
by numerous observations since 1908 [Einthoven and Jolly]. As 
excitation (P II, b-wave) and inhibition (P III, a-wave) correspond in > 
retina and nerve, further details need hardly be added. 
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Discussion. 
Text-fig. 5 is a reproduction of the analysis of the retinal action 


potential of the light-adapted frog’s eye [Granit and Riddell, 1934]. 


P II and P III are given in dotted lines. P I is lacking in this state of 
adaptation. For experimental identification with PII and P III re- 
spectively of the various phases of the retinal action potential, shown 
above to be associated with excitation and inhibition, the reader is 
referred to the work of Granit and Riddell [1934]. The complex 
positive potential, drawn in full, need only be regarded as a plot of 
frequency of impulses against time of exposure in order to represent a 


convenient, though somewhat schematic summary of the connection 


between the retinal the retinas response 


mV. 
+1°0 


~0-4h 


Text-fig. 5. Analysis of retinal action potential of light-adapted frog’s eye 
{after Granit and Riddell, 1934}. 


and the discharge through the nerve. The initial sane a-wave then 


illustrates that part of the latent period which is due to inhibitory P III 


being elicited a few o earlier than excitatory P II. In using shortenings 


as “inhibitory PIII” and “excitatory P II” we do not intend to say 


that either component has been shown to cause the equivalent effect 
in the nerve; it has, strictly speaking, only been shown to be associated 
with it. Naturally one would like to think of the opposite potentials as 


causing the opposite effects of excitation and inhibition in the nerve, but 


there is no direct evidence on this point. Text-fig. 5 also shows that the 
off-effect is a post-inhibitory rebound, and that the low frequency of the 
discharge during continued stimulation partly depends on inhibition. 
Whether a plot of frequency of impulses against time of exposure actually 
would give the various phases in the same relative size as in the complex 
retinal ee is difficult to know, but there can be no doubt about the 
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broad qualitative resemblance. The discharge in the nerve at high in- 
tensities can definitely be seen before the b-wave rises from the a-wave, 
as noted already by Adrian and Matthews (1927 a] with the eel’s eye 
which likewise has a large a-wave, and it is possible that the rate of 
change of potential is of some significance together with the absolute 
level of positivity above the base line. In view of these facts the diagram 
must be regarded as merely illustrative, inasmuch as it is intended to repre- 
sent simultaneously the retinal response and the discharge in the nerve. 

Locus of potentials. From the evidence on interaction preceding P II 
and P III, we concluded that the retinal action potential is localized to 
some post-synaptic point in the retina. From this point of view it is 
interesting to find slow potentials of opposite electrical sign connected 
with excitation and inhibition in a structure histologically equivalent to 
a nervous centre. Since the preliminary publication of our results, 
valuable confirmatory evidence has been reported by Eccles [1934], who 
in the superior cervical ganglion has found excitation and inhibition 
associated with respectively negative and positive slow potentials. If 
the inversion of the vertebrate retina be taken into account, the electrical 
signs of the potentials in the retina and in the superior cervical ganglion 
are identical for excitation and inhibition. His work, as well as ours, 
bears out the suggestion by Gasser and Graham [1933] that the negative 
and positive potentials, which they noted in the spinal cord, are similarly 
connected with central excitatory, and central inhibitory state. 

As PII may be removed selectively from the cat’s retinal action 
potential by means of asphyxia [Granit, 1933], it is obvious that the 
two components, shown to influence the discharge, are related in a very 
direct way to the stimulus. The one can hardly be held to elicit the other; 
they must be, as it were, in parallel, and somewhere act upon a common 
point of convergence. This differential sensitivity of P II and P III to 
asphyxia may yet prove to be of theoretical value. 

Motor and sensory centres compared. Just as the motor centre requires 
excitation and inhibition for co-ordinated functions of a higher order, 
so does the retinal centre utilize both mechanisms for special purposes 


of its own, as when rapid and delicate adjustment to changes of illumina- 


tion are required in flicker. The occurrence of synchronization and of 
post-inhibitory rebound in both types of centres also points to an inherent 
likeness in function between motor and sensory neurones, and serves to — 
emphasize the analytical value of the retina for such problems. 
Adaptation. Granit and Riddell’s [1934] finding that P IIT increases 
during light-adaptation now appears in new light: the light-adapted eye 
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is a relatively more inhibited eye, and this factor is of prime importance 
for an understanding of the phenomena of adaptation, which hitherto 
have been discussed merely from the point of view of the bleaching and 
regeneration of visual purple. The state of adaptation is aims defined by 
the balance of inhibition and excitation. 

Flicker. The significance of the increase in inhibitory P-III diving 
light-adaptation is best understood with regard to the important réle 
played by PIII in increasing the speed and precision of the visual 
response. The increased fusion frequency and the briskness of the inter- 

‘mittent waves in the light-adapted eye chiefly depend on inhibitory P III 
[Granit and Riddell, 1934], inasmuch as this component is responsible 
for the large and rapid post-inhibitory rebound or off-effect and the 
likewise rapid inhibitory notches caused by light falling on this phase of 
the response. As pointed out above, an off-effect is elicited in the light- 
adapted eye by a gap of darkness shorter than 5c. The dark-adapted eye 
is slow and cannot follow rapid changes in the illumination [Granit and 
Riddell, 1934}. 

In view of recent interest in the theory of flicker [Cobb, 1934; 
Hecht and Verrijp, 1933] it is necessary to emphasize the following 
conclusions (frog’s eye): flicker is interaction between: excitation and 
inhibition ; the first effect of each new intermittent stimulus is inhibitory 
(a-wave); excitation is elicited as an off-effect, and not as a b-wave, at 
each interval of darkness; the long latency of the b-waves and the 
equivalent discharge under such circumstances shows that at fast rates 
of flicker they do not enter into the question. 

Synchronization. The many similarities between the synchronization 
of the discharge in response to intermittent stimulation and spontaneous 
synchronization suggest that inhibition and excitation also may interact 
spontaneously to produce the latter group of phenomena. In favour of 
this hypothesis is the big difference between maxima and minima in a 
well-developed spontaneous rhythm, as well as the fact that clonus in 
motor centres is interaction between excitation and oe tsncgl 
Brown, 1929]. 


Vision. In the human periphery, which structurally is very similar : 


to the frog’s retina, the perceived fusion frequency changes with the 
state of adaptation just as does the fusion frequency in retina and nerve 
of frogs. The increased fusion frequency of the light-adapted human eye 
is simply explained by the results presented in this paper. We can hardly 


avoid the conclusion that in both cases similar mechanisms are at work. 
The presence of inhibition in the retina is thus bound to introduce a 
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number of new aspects into the experimental work with sensations. 
Most obvious are the consequences with regard to adaptation and flicker. 
On the authority of the duplicity theory, all changes coincident with 
changes in the state of adaptation have been deduced from real or 
imaginary properties of the ‘“rod-cone—visual purple” system. The 
existence of an important inhibitory component, intimately connected 
with the state of adaptation, imposes serious limitations upon the 
applicability of the duplicity theory. Why, for instance, is there less 
inhibition in the dark-adapted eye though the stimuli are far above the 
thresholds for both rods and cones? Could it be that the roda,,when — 
sensitized by the presence of visual purple, were capable of suppressing 
an inhibitory component more marked in the system that begins with 
a cone, There are many questions of this kind still to be raised and 
answered, At any rate, it is clear that the change in the fusion frequency 
with the state of adaptation cannot be explained on the basis of a different 
photochemical system for rods and cones, but is a function of the rapid 


inhibitory P TIL. 


Synchronization during the off-effect might offer a clue to an under- 
standing of the rhythmic variations in the brightness of after-images, 


inasmuch as they are determined by the reactions in the sense organ. — 


SuMMARY. 


On the basis of the analysis of the retinal action potential, elicited 
by “white light” in dark- and light-adapted frogs’ eyes [Granit and 
Riddell, 1934], the various components and phases of the retinal 
response have been correlated with events in the optic nerve (large 
Hungarian frog). This analysis is given in ew 5 for a light-adapted 
eye, lacking the compoient P I. 

The retinal action potential has been recorded with a string galvanoc- 
meter and a directly coupled amplifier, or (for fast phases and high 
sensitivity) with large condensers in a condenser coupled amplifier 
operating the deflector plates of a Cossor cathode-ray oscillograph. 

The component P I of the retinal response, present only in the dark- 
adapted eye, cannot be shown to be connected with the discharge in the 
optic: nerve. 

The positive component PII (see Text-fig. 5) is associated with the 
discharge of impulses 3 in the nerve (‘excitatory PII”); the negative 
ome P III is connected with inhibition of impulses “inhibitory 

P III”). The connection between P II and excitation has been demon- 
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strated by comparing the retinal and nervous responses to variations in 
area, intensity, state of adaptation, duration of “gaps of darkness” in 
an otherwise continuously illuminated eye, and rate of intermittent 
stimulation. Selective activation of P III during the off-effect, according 
to a method developed by Granit and Riddell [1934], has been used 
in order to demonstrate the inhibitory nature of P III against a back- 
ground of excitation. 

The off-effect, being-a release of remnant P II by the return towards 
- the base line of P III after cessation of stimulation (see Text-fig. 5), may 
be described as a “‘ post-inhibitory rebound.” 

A short period of inhibition precedes excitation as the first effect of 
a new stimulus. Hence the latent period of the discharge in the nerve 
consists of two phases: (1) an inhibitory phase, (2) the latent period of 
excitation, both of which probably are preceded by a short latent period 
covering the duration of the hypothetical photochemical process initiating 
the response, 


Inhibition increases during light-adaptation, and is chiefly responsible 


for the increased rapidity of the reactions of the light-adapted eye, 


evidenced e.g. by the increased fusion frequency of intermittent stimula-— 


tion (flicker). 

Flicker is interaction between excitation and inhibition, excitation 
being elicited as an off-effect during the intervals of darkness, inhibition 
again being activated by the intervals of light. 

At high intensities the discharge is synchronized at “ on’ ’ and “off.” 
The frequency, of the synchronized beats increases with an increase in 
area or intensity of stimulation. This is held to be evidence of synaptic 
interaction. : 

_. Further evidence of synaptic interaction, referring to both P II and 
-_P III, may be found on p. 17. The results of interaction are mirrored 


not only in the nervous discharge but also in the retinal action potential, : 


which therefore must be held to be post-synaptic, t.¢. localized to the 
retinal neurones. 

Synchronized beats from the nerve may appear as sibiluete on the 
retinal action potential in the shape of small extra wavelets. 

General conclusions regarding the significance of excitation and in- 
hibition for various aspects of retinal physiology and vision may be 
found on p. 19. : 
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Tr has long been known that an alternating electric current of high fre- 
quency, unless it be very strong, does not stimulate. The failure can be 
deduced, in general and without any special theory, from the empirical 
form of the usual “‘strength-duration curve”: this gives the relation 
(a) for a constant current, between the strength required to produce a 
given degree of excitation, and its duration, or (b) for a condenser dis- 
charge, between the voltage E and the “discharge time” CR of the con- 
denser (C =capacity, R=resistance). Employing condenser discharges of 
constant frequency, supplied by a revolving commutator, and using the 
action current as an indicator of constant excitation, it is possible to 
vary E and RC together so as to obtain a constant response from a nerve 
[Hill, 19345], and it is found for medullated nerve (Scott, 1934; Hill, 
1935] that as RC becomes smaller F gradually becomes inversely pro- 
portional to it, so that, for discharge times less (at 20° C.) than about 
10 microseconds (jsec.), the quantity of electricity required for constant 
excitation becomes constant?. Bugnard and Hill (1934, 1935] and 
Gerard [1934] have found the same relation for non-medullated nerve. 
Similar results have been found by Rosen berg[1934a, 6] by an analogous 
method for single shocks. 
Now, with an alternating sine-wave current of high frequency, each 
half-wave must tend to reverse the effect of its predecessor, whether that 
effect be to produce an ionic concentration difference, a state of polariza- 
tion, or the charge (or discharge) of an electrical capacity in the tissue. 
As a first approximation, therefore, if the first half-wave does tae excite, 
1 Rockefeller Fellow, 
About x 10~* coulomb through frog’s sciatic for maximal response. 
PH, LXXXIIl. 25 
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no excitation at all can occur. The quantity of electricity in the first half- 
wave is proportional to the voltage and inversely proportional to the 
frequency, so that when the quantity required for a given degree of 
excitation is constant, viz. at frequencies greater than about 50,000 per 
sec, (t.e. for durations of the half-wave of less than 10 sec.) the voltage 
must be proportional to the frequency (and not as deduced from 
Nernst’s theory [1908] to its square root). Consequently at a high 
frequency a proportionately high voltage is required to excite, so high 
that its heating becomes much more important than its excitatory effect’. 

The problem, therefore, of this type of high-frequency stimulation 
(sine-wave alternating current) is not primarily a matter of high frequency 
as such, but rather of the stimulatory effectiveness of a single half-wave 
of given voltage and duration. The effect of frequency proper can be 
studied only by keeping the discharge form of the stimulus 
constant, and varying the frequency alone. With an alternating 
current, when the frequency is altered the duration of each half-wave is 
altered too, and the supposed effect of high frequency is really that of a 
diminished duration of each half-wave. 

_ Employing condenser discharges of sufficiently short discharge time, 
provided by a revolving commutator, it is possible to vary the frequency 
from zero up to 2500 one-way shocks per sec., without changing the form 
of the discharge [Hill, 1934¢]. Since the duration of the discharge 
contact on the commutator at the highest frequency is not more than 
about 160 psec. it is necessary, for sufficiently complete discharge, that 
the value of RC should not be more than about 40 x 10-*. In one of the 
experiments shown in Fig. 1 the electrodes on the nerve were short- 
circuited by 500 ohms (so that R was rather less than 500 ohms) and a 
condenser of 0-05uF was used: RC therefore was rather less than 
25 x 10-*. With such a stimulus the effect of frequency can be studied 
alone, without complication. | 

By measuring (a) the discharge current with a galvanometer, and (b) 
the energy in it with a hot wire, it is possible to verify that both are pro- 
portional to the frequency up to the highest frequency used. This shows 
that the contacts on the commutator are good, and that the discharge 
form remains constant over the whole range. The inductance and 

1 The most recent results (Kriiger, 1928; Asher, 1923) confirm this approximate pro- 
portionality of voltage to frequency. Atheory[Hil1, 1935] which fits the observed intensity- 
duration curve well over a wide range, allows us to calculate that with an alternating 
current of frequency n, Z is proportional to 1 +4%k*n? where & is a constant: when is 


large Z is proportional to n. This relation has been verified by experiments which will be 
described in later paper. 
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capacity of the discharge circuit were measured with a wave-meter and 
found to be negligible. 

commutator one was separately connected, so that one shock per revolution could be 
obtained, at any given speed, instead of sixteen. With all sixteen segments working, a 
frequency of 2400 shocks per sec. gave the characteristic failure (see below) of high fre- 
quency. With the 150 shocks per sec. from the single segment, a full response was obtained, 
showing that the single segment (with 150 revolutions per sec., and a contact time of only 
about 160 sec.) was functioning perfectly. 

The heat production of a nerve is a measure of its response. In several 
previous papers the effect of frequency on the heat production of frog’s 
medullated nerve has been discussed. Gerard, Hill and Zotterman 
[1927] found that the response (heat or electric change) increased with 
frequency up to 400 (200 make, 200 break) induction shocks per sec. 
Hill [1932] found the same up to 650 alternating condenser discharges 
per sec. Feng and Hill [1933 6] stated that ‘“‘with a stimulus of short 
duration, the total heat rises continually with increasing frequency,” but 
they found [1933 a] that at high frequency the response diminishes 
considerably as the stimulus is prolonged. A kind of “‘fatigue” or 
“inhibition” sets in, which was examined-in detail by Bugnard [1934]. 
With higher frequencies of stimulation, a fairly rapid failure of the nerve 
results, and the question arose whether, with a sufficiently high frequency, 
the failure would occur at once. For this reason the previous experiments 
(up to 650 alternating shocks per sec.), were extended to about 2500 one- 
way (in some cases to about 5000 alternating) shocks per sec. 

Several experiments were made on the relation between heat and 
frequency, but only one need be described. Hight sciatic nerves (Hun- 
garian Rana esculenta) were mounted on a thermopile at 20-7° C., the 
whole arrangement being similar to that described by Hill [1934 6]. 
Reading of the maximum deflection was made on a scale, the galvano- 
meter being a Zernicke Zc amplified with a Weston photronic cell 
arranged differentially and connected to a Moll microgalvanometer 
(Hill, 1934 a]. The stimulus was provided by a 0-05uF condenser, 
2000 ohms being placed in series with the nerves, and the whole short- 
circuited with 500 ohms. The stimulus lasted for 20, 8 or 4 sec., as shown 
in Fig. 1, and the condenser was charged to 14 volts. One curve is given 
also from another experiment. 

Fig. 1 shows, as found in all previous investigations, that up to a 
frequency of about 600 shocks per sec., the heat increases with the 
frequency. One had supposed that the value so reached was asymptotic, 
that further increase would have no result. In fact, however, beyond 
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Fig. 1. Relation between heat production (maximum deflection of galvanometer) and 


frequency of stimulation. The numbers on the curves represent the duration of the 
stimulus and (in brackets) the “discharge time” of the condenser providing the shocks. 
The three lower curves were from one experiment, the top curve from another. 
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600 per sec. the response decreases, slightly at first and then more largely. 

This is perhaps best shown in Fig. 2 where the response is given as a 
function of the interval between the shocks. With intervals less than 
1-7 milliseconds (msec.) the response rapidly gets less as the interval is 
| diminished, until at 0-4 msec. it is only half the maximum. The broken 
line to the left has no experimental basis, except for the fact that when 
the frequency is high enough the stimulus becomes a constant current 
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Diss To illustrate the supposition that shocks inside the absolutely refractory period are 
without effect. The relation between response (for a stimulus of given duration), and 
interval between the shocks constituting the stimulus, is shown from the right back to 
2 msec, (the assumed absolutely refractory period). From that point (500 shocks per 

 gec.), with decreasing interval, (i) only one half of the shocks are effective, until 
(ii) a frequency of 1000 per sec. is reached, beyond which only one third of the shocks 

are effective, (iii) beyond 1500 per sec. only one quarter, (iv) beyond 2000 only one 

fab fifth, etc. In each range a portion of the previous range is repeated on a diminished 
sh scale. Statistically with many fibres of various refractory periods the discontinuities 
= would disappear and the curve would become horizontal to the left of its maximum. 
This is in striking contrast to the actual relation, Fig. 2. The numbers are, above, the 


fraction of allthe shocks which are effective, below, the f: 


and does not excite. Fig. 1 shows a genuine effect of high frequency, 
uncomplicated by any change in the character of the discharge. 

On the simple classical view that shocks delivered in the absolute 
refractory period are without effect, assuming for simplicity that all the 
2 fibres of a nerve are identical with an absolute refractory period of 2 msec., 
. we might imagine that the relation between response and interval be- 
tween shocks would run as in Fig. 3. When the interval became just less 
than 2 msec. only every alternate shock would now be effective and 
the interval between effective stimuli would be nearly 4 msec., so the 
response would diminish to the value for that interval. With further 
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decrease of the interval, the relation existing between 4 and 2 msec, 
would be retraced on half the time scale, until at 1 msec. the response 
would reach its full value again—the nerve would be responding once 
more to 500 per sec. The response would then drop suddenly, since only 
one shock in three would now be effective: the value to which it would 
drop would correspond to a frequency of 1000/3, ¢.e. to an interval of 
3 msec. With further decrease of the interval, the relation existing 
between 3 and 2 msec. would be retraced on one-third of the time scale, 
until at 2/3 msec. the response would again reach its full value, the 
frequency of 1500 producing 500 responses per sec., and so on. 

There is no reason, on this view, why the response should continually 
decrease with diminishing interval. If the nerve were made up of groups 
of fibres of different speeds, each group would give a relation like Fig. 3, 
but with different values of the time scale. Statistically the discontinuities 
would disappear, and the curve would rise from the right to a maximum 
and then remain level. It could not fall continuously to the left of a 
maximum as in Fig, 2. 

It might be argued that with the shorter intervals (but longer than the 
absolute refractory period) the impulses set up are so small, that, in spite 
of their greater number, their total effect is less. The absolute refractory 
period of frog’s nerve at the temperature of the present experiments is 
about 0-9 msec. [Amberson, 1930]: this, from the manner in which it 
was measured (using the electric response as indicator) is the shortest 
refractory period of all the fibres, motor or sensory. If the explanation 
were simply the disproportionate smallness of individual impulses at the 
shorter intervals, the whole depression of response would occur, in Fig. 2, 
to the right of 0-9 msec. From there, to the left, half at least of the 
impulses would fall in the absolute refractory phase, and the curve from 
1-8 to 0-9 msec. would be repeated in decreasing steps, as in Fig. 3. This 
is not what happens. We must conclude, therefore, that some factor, 
other than these, is at work, and that shocks falling inside the absolute 
refractory period leave an effect behind them which reduces the response 
to their successors. Otherwise it is not possible to explain why, for 
example, four shocks at intervals of 0:4 msec. should produce only half 
the effect of one shock in the same total time. 

Even at the highest-frequency the discharges constituting the shocks 
do not occupy more than a small fraction of the whole time: they are 
separated by intervals of many times their own duration. At 2500 per sec. 
the interval is 400 ysec.: with RO=25 x 10-* the discharge is 90 p.c. 
complete in 57 ysec., 99 p.c. complete in 115 sec. Fig. 4 illustrates the 
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process of stimulation, for RO =50 x 10-* and frequencies up to 2860 per 
sec. Usually the shocks were of half this duration (RC =25 x 10~*) and 
the effect in question is easily visible at 1200 per sec. It is clear that the 
shocks themselves are entirely discrete. In Fig. 4 the refractory period 
(900 psec.) is shown by a heavy black line. At the higher frequencies, 
many of the shocks fall within the absolute refractory period. If these had 
no effect, then 1540 per sec. should produce the same response as 770 per 
sec., 2860 per sec. as 953 per sec.—supposing all the fibres to be similar. It 
is clear, therefore, that the ineffective shocks leave something behind, 
which extends beyond the refractory period and diminishes the response. 


sap 


Fig. 4. To illustrate the process of stimulation at various frequencies with condenser dis- 
charges. The “discharge time” RC, shown by arrows in the lowest row, is taken to be 
50 ~sec.: in most of the experiments it was 25 »sec. The heavy black lines represent 
the absolutely refractory period. 


Bugnard’s experiments [1934] on the reduced effect of a high fre- 
quency stimulus applied to a nerve previously “conditioned” by a 
prolonged low frequency stimulus led to the same conclusion. In this 
case, however, the effect of shocks falling in the refractory period was 
found only for a nerve in a steady state of activity, not for a previously 
resting one. In the present experiments the smaller response to the 
higher frequency was first observed for the case of a 20 sec. stimulus: 
the same result, however, was obtained for an 8 sec. and a 4 sec. stimulus, 
so that the cause, whatever it was, clearly set in early. It was necessary, 
therefore, to examine the response in greater detail, not merely from the 
maximum deflection of the galvanometer recording the heat. 

The character of the heat deflection led us to suspect that a rapid 
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decrease in the response occurred as the high frequency was continued. 
This could be decided by an analysis of the rate of heat production during 
and after the stimulus: a rapidly diminishing “initial” heat would betray 
the onset of the same failure as was observed at rather lower frequencies 
in a “conditioned” nerve. This was found to be the case: at a higher 
frequency the ‘‘initial” heat rapidly declines in rate as the stimulus is 
continued. This is one cause of the reduced response at higher frequency. 

The analyses of the heat were made by 2 sec. intervals, on nerves 
maximally stimulated at various frequencies at temperatures between 
20° and 22° C, These gave the time course of the total heat production, 
and the initial heat at the beginning and end of the stimulus. The shocks 
were usually one-way but occasionally alternating in direction. The 
results were the same. Account was always taken of heat-leak from the 
stimulating electrodes, which with high voltages and very high frequencies 
was not quite negligible. 

In Fig. 5 are four analyses. A at 402 per sec. is of the.usual type, the 
initial heat not diminishing very much, the total heat rate continuing to 
increase: compare this with curve III, Fig. 6, of a recent paper [Hill, 
1933]. B at 1402 per sec. and C at 2446 per sec. on the same nerves show 
a considerable fall in the initial heat, the total heat rate beginning to 
decrease: indeed at the higher frequency the total heat rate reached its 
maximum at 10sec. D at 4946 per sec. (alternating) shows a large de- 
crease in the initial heat, and a maximum of the total heat rate at 12 sec.: 
compare with curve V of the figure referred to. It is clear that at the 
higher frequencies the initial heat diminishes rapidly, so producing the 
characteristic form of the analysis. This was found previously, to a less 
degree, at a lower frequency (Hill, 1933, p. 353). 

The failure which sets in at 20°-22° C, at these high frequencies is 
similar to that which occurs at a low temperature with a much lower © 
frequency. Hill [1932, p. 143] found that, with the nerves of cold- 
acclimatized frogs, the heat response diminishes rapidly ata frequency 
of 30-40 per sec., and indeed the curves in his Fig. 14 are strikingly 
similar to those in our Fig. 5. During prolonged stimulation at 0° C. 
[Hill, 1932, p. 151] the response to 30 shocks per sec. diminished rapidly 
at first and then more slowly, tending to reach a constant small value. 
This onset of failure depending on frequency is a general phenomenon. 
At 20° C. and at 50 per sec. it is not to be seen: at 200 per sec. it occurs 
but slowly: at 600 per sec. it is obvious in half a minute: at 2500 per sec. 


it occurs in a few seconds. At 0° C. and at 35 ~ sec, if is obvious rica 
16 sec. 
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(A) 
402/sec. (One-way) 
RC =#70x10° 


22-2°C. 


Rate of heat production 


RC = 39x 10-6 


21-2 °C. 


4946/sec. (Two-ways) 
20°4°C. 
RC = 38 x 10° 


Seconds 


Fig. 5. Analyses of the rate of heat production, during and after a 32 (or 16) seo. stimulus at 
various frequencies, to show the rapidly oncoming failure at the higher frequencies. 
Note that the same effect is shown in (D) with alternating as in (C) with one-way 
shocks, 
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According to Erlanger and Blair [1931] a sub-threshold shock at: 
first increases and then diminishes the response to a later superthreshold 
one between the same electrodes and in the same electrical direction: 
conversely it first decreases and then increases the response, if the later 
shock is in the opposite direction. The first phase is the “summation” of 
excitatory effects. The second phase they regard as “post-cathodal 
depression” or “post-anodal enhancement”: it lasts in frog’s nerve at 
20° C. for several milliseconds. They have found also that the relatively 
refractory phase, after an effective shock, can be considerably modified, 
indeed almost abolished (the excitability increased) by a second shock 
in the opposite electrical direction suitably placed in the absolute re- 
fractory period of the first: presumably a shock in the same, not in the 
opposite, direction would decrease, not increase, the excitability during 
the relatively refractory phase. Erlanger and Blair’s results, together 
with the effect of stimulation in prolonging the refractory period, are the 
basis of the explanation, to be given in the following and a later ii 
of the findings reported here. 


SuMMARY. 


1. The failure of high-frequency alternating current to stimulate an 
excitable tissue is primarily due, not to the frequency at all, but to the 
short duration of the half-wave: it can be deduced, without special hypo- 
thesis, from the usual strength-duration curve. 

2. The effect of high-frequency stimulation as such can be determined 
only by keeping constant the duration and form of the shocks constituting 
the stimulus, and varying the frequency only. 

3. Measuring the response of a frog’s nerve by its heat production, 
the relation between response and frequency has been determined up to © 
2500 one-way shocks, or 5000 alternating shocks, per sec. At 20° C. the 
response increases with frequency up to about 600 one-way shocks a 
sec., attains a maximum and then decreases considerably. 

4, An analysis of the heat production shows that, at high oeeiwcy, 
the response rather rapidly diminishes during the stimulus. _. 

5. These results cannot be explained if it be supposed that shocks 
which are ineffective because: they fall in the absolute, or relatively, 
refractory phase are without effect. It is necessary to conclude that such 
shocks maintain and extend the refractory condition. 
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THE EFFECT OF FREQUENCY OF EXCITATION ON 
THE TOTAL ELECTRIC RESPONSE OF 
MEDULLATED NERVE. 


By L, BUGNARD? (Toulouse) anv A. V. HILL. 


(Recewwed November 6, 1934.) 


Ir has been shown by Scott [1934] that the partial failure of response to, 
and the “fatigue” resulting from, high-frequency stimulation, together 
with the effect of previous prolonged low-frequency stimulation in “con- 
ditioning” the nerve to exhibit these phenomena more clearly, are the 
same for the electrical as for the thermal response. This was to be expected 
from the work (a) of Gerard and Forbes (1928), who found that the ex- 
citability of a cat’s peroneal nerve gradually diminishes during continual 
stimulation by 150-500 shocks per sec. at about 28° C., and (b) of Forbes 
and Rice [1929], who found that during rapid stimulation successive elec- 
trical responses, recorded with a string galvanometer, become gradually 
smaller, the decline being quicker at first but lasting for many seconds. 

Scott used the sciatic of a large Hungarian frog and measured the 
total monophasic electric response, and this had been shown by Gerard, 
Hill and Zotterman [1927] to run rather accurately parallel to the 
thermal response. Scott’s confirmation, moreover, of Bugnard’s results 
[1934] was valuable in that he used good non-polarizable electrodes for 
stimulation (calomel half cells with fluid connections to the nerve) so that 
the effects could not be attributed to polarization caused by metallic 
electrodes. (It is impracticable to use non-polarizable electrodes in 

‘neurothermic experiments.) 

The results described in our previous paper extend those of Bugnard 
[1934] by showing that to sufficiently high frequencies, without any 
“conditioning” of the nerve, there is immediately a smaller thermal 
response than to a lower frequency. It was desirable to extend those of 
Scott on the electric response into the same upper range. The same nerve 
was used, the sciatic of a large Hungarian frog. After dissection this was 
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left in Ringer’s fluid for an hour or two to recover from any injury due to 
dissection, and to become adjusted to its new medium!. The distal end 
was crushed and dipped in isotonic KCl solution to complete the injury. 
Stimulation was by condenser discharges, as described by Hill 
[1934 a, 6] and used by Scott [1934]. One-way or two-way shocks were 
employed. The arrangement of the electrodes was as follows: stimulus 
at H,, #,; galvanometer leads to G,,@,; mm., £,G,=20 mm., 
G,G,=15 mm. Except for special reasons, was the E, the 
cathode of the stimulus. The electrodes were non-polarizable, consisting 
of calomel half cells (as used by Scott), the nerve lying on the edges of 
filter papers soaked in Ringer’s fluid. Between the stimulating and the 
galvanometer electrodes the nerve made contact with a silver wire con- 
nected to earth, to prevent leakage of the stimulating shocks to the 
galvanometer. 
The condenser discharges constituting the stimulus [see Hill, 1934 b, 
Fig. 1] were shunted by 250 ohms, and 10,000 (or 11,000) ohms was 
placed in series with the nerve. The effective discharge resistance R, 
therefore, was very close to 250 ohms. The stimulus was tested occasion- 
ally as follows: 
(a) A microammeter was placed in series with the battery. The reading 
was proportional to the frequency, whether for one-way or for two-way 
shocks. 
(6) A shunted mirror galvanometer of low resistance was put in series 
with the nerve and the 10,000 ohms. For one-way shocks the reading was 
proportional to the frequency; for two-way shocks the reading was zero, 
showing that the resistance was the same in both directions. 
The contacts on the commutator were carefully adjusted, kept clean, 
and allowed a small quantity of good thin oil. 
Maximal shocks were used. At low frequencies, 16-20 volts and 0-05 uF 
were ample. R being 250 ohms, the “discharge time” RC was 12} psec. 
(0-01250). The highest frequency employed was 2500 one-way shocks per 
sec.; this allows 400 sec. between shocks: about 3/8 of each interval is 
available for discharge (allowing } for the insulator and # for the “charge” 
segment), t.e. 150 ~sec. Thus the shocks occupy, even at the highest 
frequency, only a small fraction of the total time, and each sO is 
effectively complete. 
The resistance of the nerve circuit (apart from the 250 olahe shunt) 
being about 50,000 ohms, each shock (at 20 volts) caused a discharge of 
1 The Ringer's fluid used in all the experiments by Scott and ourselves has been: 
water, 993 g.; NaCl, 6-75 g.; KCl, 0-15 g.; CaCl,, 0-20 g. | 
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BUGNARD AND A. V. HILL. 
about 5 x 10-® coulomb through the nerve: at a frequency of 2000 per sec. 


this means a total transfer of electricity per sec. equivalent to a constant 


current of 10 nA. Now 10 A. is enough to cause a considerable degree 
of electrotonus in a nerve; 20 nA. might block a region of nerve to 
impulses arising outside it. It was necessary therefore to consider how far 
electrotonic effects might conceivably occur in this type of stimulation. 
Fortunately in a recent paper by Bogue and Rosenberg [1934] the 
data are available for making an approximate calculation of the matter 
[see Hill, 1934 c]. 

According to Bogue and Rosenberg (1934, p. 361] the rise of electrotonic potential at 
the cathode, when a constant current is suddenly put into a frog’s nerve, and its fall when 
the current is suddenly broken, are approximately exponential, with nearly enough the 
same time constants. Let a constant current of potential HZ produce an electrotonic 
potential at the cathode b# (1—e~*/*), where ¢ is time in microseconds: according to 


Bogue and Rosenberg d is about 1/3, & (at 15° to 20°C.) about 250. A pulse of constant 


pulses, must cause an electrotonic potential 


bE 


O/RC 
dg 


Consider a condenser discharge time RC = 12} usec. Then k/RC =20 and the electrotonic 
potential due to the condenser part should be 


5 t/230 _ t/12-5), 


and the maximum value is 0-043 Thus if 
E =20 volts, the maximum electrotonic potential, which occurs momentarily 40 psec. after 


@ prolonged constant current of 
vo 


Consider steady one-way stimulation with such shocks at intervals 7' (frequency per 


sec. 10*/7'). Then the electrotonic potential at the beginning of any given shock is due to the 
combined residual effects of all previous shocks, and is therefore 


bE 


polarizing potential of 0-0082 Z, or if H =20 volts, of 0-164 volt. 
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This result is interesting, since it shows that the steady electrotonie effect of high- 
frequency one-way stimulation, with the short shocks used in the present experiments, is 
not negligible, bat ie not large enough to produce any significant blocking effect in the 
nerve. 

Consider steady two-way stimulation, with the same shocks at intervals 7’. The electro- 
tonic potential at the moment of any given shock is then similarly 


of a constant polarizing potential of — 0-0063 Z; or, if H =20 volts, of — 0-126 volt. This is 
rather less than for one-way shocks of the same frequency, and of the opposite sign, but of 
the same order of size. 

These results, though approximate and involving several assumptions, give values which 
are almost certainly of the right order: they show that the effects observed of high-frequency 
stimulation are—with rapid discharges—not due to electrotonus, since a constant potential 
of the order of 0-164 volt is too small to cause any very striking effect on a nerve; moreover 
the high-frequency phenomena can be produced by condenser discharges of potential much 
less than the 20 volts considered in the argument. With 8 volts instead of 20 the calculated 
electrotonic effect would be the same as that of a constant current of 0-065 volt, which is too 
small to have much effect on excitation. 

Consider, however, cond discharges of longer duration : take for example a disch 
time RC =125 psec. Then (I) becomes _ 

bE _ ¢—t/125), 


Thus with 20 volts, a discharge time of 125 ysec., and a frequency of 2000 per sec., the 
residual electrotonic potential at the moment of each shock is equal to that due to a steady 
current of potential 2-76 volts, which is more than sufficient to produce a complete block. 
The blocking effect observed by Cattell and Gerard (1934) with high-frequency stimula- 
tion by rather long condenser discharges is sufficiently accounted for by this residual 
electrotonic state. 

With lower frequencies the residual electrotonic effect is much less.. Even with the 
prolonged discharges just considered, at a frequency of 1000 per sec. (7'=1000), the 
quantity (I1’) is 

|=0-018402, 
l-e 


which if Z =20 volts is equal to the effect of 0-374 volt steadily applied. With a frequency of 
500 per sec. (II’) is only 0-00033562, which is equivalent to the effect of a steady 6-7 mV. 
If, therefore, slow discharges of high potential have to be used, it is necessary, in order to 
avoid electrotonic effects, to employ relatively low frequencies. 


The paraffin chamber containing the nerves, which was similar to that 
employed by Scott, was constructed and treated with care. After each — 
experiment it was washed and dried, to prevent leaks in the next one. 
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When the nerve had been laid on the electrodes, the cell was covered with. 
a strip of glass carrying a moist filter paper to save the nerve from drying. 
Air (not oxygen) was used. In the experiments at room temperature 
(20°-25° C.) the chamber was in the room: in others it was placed in a 
cold store at 5°-6° C, In the latter case the chamber and the electrodes 
were set up in the cold store some time before, and the nerve (also kept in 
the cold after dissection) was inserted without removal from the cold. In 


100 < 
0¢ 1000 2000 
1000” 2000 Two-ways 700 ~~ 5000 
Fig. 1. Relation between total electric response and frequency of excitation by short 
condenser discharges: at 5°-6° C. and at 22°C.: one-way and two-way discharges. 
Note that the frequency is given on half the scale for two-way stimulation. 


the experiments at 5°-6° C. the frogs used-had been previously acclima- 
tized to the cold for a long period in a tank-in the same store. 

The low temperature was used in order to change the time scale of the 
_ nerves and so to make certain experiments (e.g. those on the refractory 
period) technically easier. Hill [1932, p. 127] found that the relation 
between heat and frequency is the same at 0° C. as at 21-3° C., except for 
a change in the frequency (or time) scale: in the present experiments 
(see Fig. 1) the same is true of the relation between electric response 
and frequency, and over a much wider range: while a comparison with 
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Fig. 1 of our preceding paper shows that the relations between (a) heat 
and frequency, and (6) electric response and frequency are of the same 
general form over the whole range, thus confirming Gerard, Hill and 
Zotterman [1927] working in a narrower range. 

In Fig. 1thecurveat the high temperature has a maximum at about 500 
one-way shocks per sec., that at the low temperature at about 90 per sec. 
For very low fiequencies the response is proportional to the frequency: 
the shocks are practically independent and each has its full effect. With | 
increasing frequency, however, the individual impulses become submaxi- 
mal, and the total response passes through a long plateau after which 
it diminishes continually to a low value (to 10 p.c. or less with one-way 
shocks at a very high frequency). 

The values given in Fig. 1 are maximum deflections. With a low 
frequency the maximum is maintained as long as the stimulus. With a 
high frequency, however, the deflection falls offrapidly after the maximum, 
the individual action currents diminishing presumably _— the start [see 
Forbes and Rice, 1929]. For example: 


Taste I. Nerve at 20°C. Deflections 5 and 30 sec. after the beginning 
the stimulus. 


Frequency 5 sec. 30 sec. 
2500 - 68 28 
2 x 2500 per per alternating) 46 
1660 sec, (one-way) 113 65 
2 x 1660 per sec. (alternating) 158 105 


For the highest frequencies attainable, even at the low temperature 
where a given frequency is relatively higher, there was always a positive 
deflection: the response was diminished but was never zero. Even the 
highest frequency available does not fail altogether to excite. 

A comparison of one-way shocks of frequency m with two-way shocks 
of frequency 2n shows (Fig. 1) that, at very low frequencies, the latter 
produce double the response of the former. Each shock, whatever its 
direction, is effective and the response from it is maximal. As the fre- 
quency of two-way shocks is increased the maximum is reached, the same 
maximum as for éne-way shocks, and at just double the frequency. — 
Beyond this maximum the plateau is better maintained for two-way than 
for one-way shocks; at all higher frequencies the two-way at frequency 2n 
are &@ more effective stimulus than the one-way at frequency n. The 
explanation is probably that the refractory period set up, or extended, by 
a shock in one direction is diminished in duration by a shock in the other 
direction [Erlanger and Blair, 1931]: this will be discussed later. _ 
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Two analogous experiments were made with the dog’s phrenic nerve 
at a temperature of 22° 0. The relation obtained between response and — 
frequency was similar to that for the frog’s sciatic. 

It might be suggested that a diminished response to high frequency 
would result if a stimulus maximal at a low frequency became submaximal 
at a high. It is true that, if the stimulus is increased in intensity, for 
example by doubling the voltage, during excitation at high frequency, an 
immediate increase in the response is obtained. The increase, however, is 
small and no intensity is great enough to increase the response to that 
obtained with optimal frequency. Moreover, such increase as is observed 
is immediately followed by a decrease, bringing the deflection back to its 
previous value. Regarding the nerve as being maintained by a high- 
frequency stimulus in a relatively refractory state, in which only occa- 
sional shocks are effective, the immediate result of increasing the intensity 
of the stimulus is to fire off all the fibres, after which the degree of 
refractoriness returns to the same level as it had before, relative to the 
strength of the shocks. The stronger shocks merely depress the excitability 
to a level at which they also are only occasionally effective (see Fig. 1 of 
a later paper). 

It is noteworthy that with one-way shocks of high frequency (if 
RC is small) the direction (descending as usual, or ascending) has little 
influence on the size of the response. Such impulses as are able to start 
at the cathode when it is central are able to penetrate the anode region. 
As Cattell and Gerard [1934] have found, impulses originated in the - 
region above the electrodes used for high-frequency stimulation are able 
to penetrate that region, and we have calculated above that the residual 
electrotonic effect at an electrode is small if the shocks are of sufficiently 
short duration. 

Refractory Period. Field and Briicke (1926) have shown that during 
continual faradic stimulation of a Hungarian frog’s sciatic nerve (85 shocks 
per sec. : 15-19°C.) the refractory period increases from about 1 to as much 
as 9 msec., diminishing when stimulation ends. We have investigated 
the changes of refractory period in greater detail, since these form the 
basis of the phenomena of high-frequency excitation. 

The secohmmeter of Messrs W. G. Pye contains two commutators 
mounted on the same shaft and adjustable relatively to one another. 
Kach commutator consists of two segments and can be made to provide 
up to 150 condenser discharges per sec., which is more than sufficient with 
a nerve at 5° to give the maximal response. The two commutators can be 


‘arranged to deliver one-way condenser discharges at the same electrode, 


4 x 
a 
: 
i> 
may 
og 
ag 
aM 
4 
x 
Lege, 
Pac 
4 
> 
i 
ug 
‘ 
$ 
i 
| 
| 
> 
"4 4 
A} 
4 


HIGH-FREQUENCY EXCITATION OF NERVE. 401° 


and the interval between the units of the one series and of the other 
series can be adjusted to any required value. Let us call the shocks 
delivered by the first commutator the primary stimulus, those by the 
second commutator the secondary stimulus. The primary stimulus can be 
made maximal, the secondary stimulus supermaximal. When the key of 
the primary stimulus only is closed, a certain electric response is read with 
the galvanometer: when the key of the secondary stimulus only is closed, 
the same response is read. If, when the primary stimulus (at a frequency 
less than that producing the maximum response) is already running, the 
key of the secondary stimulus is closed, there will be an increase in the 
response if the secondary stimulus falls outside the refractory period of 
the first; if the secondary shocks fall within the refractory periods of the 
first shocks, then the response remains unaltered on closing the secondary 
key. In this way the refractory period can be measured during repetitive 
stimulation of any frequency less than that giving the maximum response. 
If desired, the same method could be used to study the relatively re- 
fractory period with the aid of a secondary stimulus of variable intensity. 

Refractory periods greater than half the interval between the shocks 
of the primary series cannot be measured by this method: when a greater 
interval is allowed in the adjustment of the commutator rings, the 
secondary stimulus becomes, so to speak, the primary one, and the primary 
one the secondary, so that the interval between the two series is again 


- Jess than half that between the primary shocks. 


An electrical arrangement allows one to measure on a voltmeter the 
interval between the shocks of the primary and those of the secondary 
stimulus, as a fraction of the total interval between the primary shocks. 
By throwing two keys over, (i) contact on the primary commutator allows 
@ current to pass in the voltmeter, (ii) contact on the secondary commu- 
tator short-circuits the current. The reading on the voltmeter divided by 


_ the reading when contact (i) is steadily made is clearly equal to the 


interval between contacts divided by the duration of one complete cycle. 
In a certain number of experiments two pairs of electrodes were used 
for excitation. The secondary shocks (II) could then be applied, either at 
the same pair of electrodes as the primary shocks (I), or at a more central 
pair. A reversing key was used to allow the directions of the various 
stimuli to be changed. In some experiments a double key allowed the 
transfer en bloc of the stimuli I and II from one pair of electrodes to the 
other. 
In attempting to measure the absolute refractory period stimulus II 
was made stronger than stimulus I. With 11,000 ohms in series with the 
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nerve and a 250 ohms shunt the following were the usual values: I, 
0-25 nF, 16 V.; II, 0-25yuF, 40 V.; a discharge time of 62} sec. is short 
for the low temperature, and also compared with the interval between 
shocks, which was never less than about 20 msec. The primary shocks are 
unaffected by the secondary circuit; the secondary shocks, however, are 
affected by the primary circuit. Condenser II, when it begins to dis- 
charge, is short-circuited across condenser I, so that the total capacity 
for the following discharge is the sum of the capacities of I and II, the 


~ 


Rheobase 


= 


0 499 1909 200 400 
Condenser “‘ discharge time,’’ RC; p sec. 

| - ‘Fig. 2. Strength-duration (log V-—log RC) curve for repetitive excitation of frog’s sciatic 
(acclimatized frog) at 6°C. One-way shocks, 12 per sec. Rheobase observed with 
constant current pulses of 35 msec. duration (44,000 ohms in nerve circuit). The 
characteristic time (minimum energy) is 0-67 msec. The final slope of the curve is 


45°, a constant quantity of electricity (about 5 x 10-* coulomb here) being required 


through the nerve for excitation, if discharge is rapid enough. 


charge being shared between them. In the case just given the secondary 
shocks are therefore effectively 0-5uF, 20 V. Since both shocks are 
practically on the final straight portion of the strength-duration curve for 
this temperature (see Fig. 2), the quantity of electricity discharged gives 
the significant measure of the efficacy of the stimulus, and the secondary 
shocks are just as effective as they would be without the interference of 
the primary circuit. They are therefore largely supermaximal. 

The refractory period at 5° being not less than about 3-5 msec., the 
duration of the primary shocks was negligibly short compared with the 
interval to be measured. : | 
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An example may be given. At a frequency of 21-6 per sec. the re- 
fractory period was initially 4-80 msec. After 12 min. stimulation it was 
7-45 msec.; after 33 min., 9-21 msec.; after 52 min., greater than 9-21 


but less than 10-0 msec. For the same nerve at a frequency of 37-6 per 


sec. the refractory period was 12-43 msec. at the end of 15 min., and from 
this moment onwards it was impossible to measure it for the reason given 
above. 

In order to change the interval between stimuli I and II, it was necessary to stop the 
commutator. Before stopping it, when continuous stimulation was necessary, the stimulat- 
ing electrodes were switched over so as to derive their shocks from a third commutator 
(III) running at the same speed. As soon as the adjustment of commutators I and II was 
made the stimulus was switched back to I; then the test could be made with II. 

The stimuli employed were never more than 45 per sec., and with 
these, in spite of the considerable increase observed in the refractory 
period, the primary response remained the same for periods of stimulation 
up to an hour. With undiminished response the refractory period increases 
during repetitive stimulation, as Field and Briicke found. So far as the 
size of its response is concerned the nerve is in no sense fatigued. 

If, after a period of steady stimulation more or less prolonged, the 
nerve is allowed to rest, the refractory period returns rather rapidly to, 
or to the neighbourhood of, its initial value. For example, a nerve with 
refractory period initially 4-8 msec. was stimulated for 52 min. at 
21-6 per sec. ; its final refractory period was about 10 msec, After 40 min. 


of rest it had returned to 5-2 msec. 


We have shown the importance of the duration of excitation, 
especially with a higher frequency, in increasing the refractory period, In 
attempting to determine the effect of frequency alone it is necessary, as 
far as possible, to eliminate the effect of duration, 1.e. to make the neces- 
sary observations on a rested nerve as soon as possible after the beginning 
of stimulation. Stimulus I is introduced; in a few seconds the deflection 
is steady and the key is closed to introduce stimulus II. As soon as it is 
seen whether the response is increased or not by II, both I and IT are 
withdrawn. It is always found that the refractory period is longer the 


higher the frequency. For example: 


11-0 
16-8 5-0 
29-1 5-34 


40-0 76 | 


It seems unlikely that the effect of frequency on the refractory pe 
really occurs immediately. It is more probable that the alteration of 
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refractory period occurs rather rapidly after the commencement of stimu- 
lation and proceeds more slowly later, the initial rapid increase being 
more rapid the higher the frequency. 


When the shocks of stimuli I and IT occur simultaneously, or at a very — 


short interval, the response to I and II together is the same as that to 
either sepantely: both stimuli are maximal. On increasing the interval 


‘there is at first a slight diminution in response to I and II together. Then — 


comes the range in which again I and II together give the same response 
as either separately. Beyond this interval I and II give an increased 
response as the refractory period is exceeded, the excess due to IT being 
greatest when the shocks of II fall exactly half-way between the shocks 
of I, The negative effect of the early extra shocks is small, 3-7 p.c. of the 
primary deflection. It seems that shocks falling in the absolute refractory 
period produce, as indeed Erlanger and Blair[1931] found, a diminished 
excitability (or an increased relative refractoriness) to the next primary 
shock. If the early shocks of II are in the opposite electrical sense to I 
the diminution is not observed. The period of relative refractoriness is not 
extended by an ineffective shock in the opposite electrical sense. 

We have already shown [see Bugnard, 1934] that the conditioning 
effect of a low-frequency stimulus in making a nerve less responsive to a 
high-frequency stimulus is not due to a local change, since it occurs 
equally at a considerable distance from the point at which the condition- 
ing stimulus of low frequency is applied. It was desirable, therefore, to 
find out whether the refractory period is increased at a distance from the 
electrodes at which repetitive stimulation occurs. For this purpose a pair 


of electrodes B was used similar to those (A) ordinarily employed but 


about 1 cm. central from them. The circuit was arranged to allow the 
stimuli I and IT to be transferred en bloc from the pair of electrodes A to 
the pair B. First of all on the rested nerve the refractory period was 
determined at A, then at B: they were found to be equal. A continuous 
stimulus was then applied at A and the refractory period increased. On 
transferring the stimuli to B it was found that the increase of refractory 
period at B was the same as at A. This result was obtained for various 
frequencies. The modification, therefore, in the refractory period induced 
by stimulation is caused, not by the electric shocks as such but by the 
activity associated with propagated impulses. The effect is a genuine 
physiological one and is not an artefact of electric stimulation. 

If shocks II are applied at a different electrode from I, e.g. at B 
instead of A, allowance must be made, in estimating the refractory 
period, for the time of transmission from B to A. The least interval for an 
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increased response on introducing II should be greater by the time of 
transmission. Actually the least interval for increased response was less 
when I was at A and II was at B than when both were at.A. For example: 


Refractory Refractory 
Frequency: shocks period A period B 
per msec. msec. 
42-4 7-08 6-2 
29-4 5-95 5-39 
21-4 5-43 5-43 


The effect is significant only at higher frequencies. It seems that 
shocks I at A produce in the nerve at A a greater effect than the impulses 
they set up produce at B. This is not inconsistent with the results just 
described, since there the two sets of shocks were transferred together 
from A to B. Supermaximal shocks at A (as they are for most of the 
fibres) have a greater effect at A than the maximal impulses set up by 
them have at B. If we regard an impulse as propagating itself by the 
same mechanism as that by which an electric shock initiates an impulse 
(e.g. by the transfer of an ion, perhaps K, through a membrane under the 
influence of a current) then the shocks, being excessive for some at least 
of the fibres, would be likely to produce a greater and longer lasting effect 
than the impulse which is only just maximal. The excess of a shock, in 
fact, over and above the amount required just to excite, acts like a second 
shock in extending the refractory period. 

Apart from the effect just described all the others (prolongation with — 
frequency, prolongation with duration of excitation) are the same when 
the primary shocks are at A, the secondary at B, as they are when both 
are at A. It has never been found, however, when determining refractory 
periods at B due to shocks at A, that with very short intervals the effect 
of I and II together is less than the effect of either alone. This agrees 
with the other observations and shows that the effect of an early IT at B 
is not propagated to A. 

SUMMARY. 


1, Using as stimuli condenser discharges of short. duration, the — 
relation was determined between total electric response and frequency 
of excitation, up to a frequency of 2500 one-way, or 5000 alternating, 
shocks per sec. 

2. At 20° C. the maximum response occurs at a frequency of about 
500 one-way shocks per sec.: the response is less at higher frequencies, 
being only about 10 p.c. of the maximum at 2500 per sec. 

3. At5°C. the results are similar, but occur at about 1/5 the frequency. 
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4. Two-way (alternating) stimulation shows similar relations, but a 
smaller decrease at high frequency. 

5. The electrotonic effects of repetitive stimulation by condenser 
discharges are discussed. With quick discharges (¢.g. RO =124 sec.) the 
electrotonic effects, even of very high-frequency stimulation, are small. 
With slower discharges (e.g. RC =125 wsec.) they are greater, and may 
have important results (e.g. in producing a block). With the rapid dis- 
charges used, the relation between response and frequency does not depend 
on electrotonus. 

6.. A method is described of determining the refractory period during 
repetitive stimulation, As stimulation is prolonged the refractory period 


increases several fold. Measured as early as possible after the beginning . 


of stimulation in a rested nerve, it is greater the greater the frequency. 


7. The increase of refractory period occurs equally at a point distant: 


from that of stimulation. It represents a change of physiological state 
associated with activity, and is not a direct consequence of electric 
excitation. 


8. The length of the refractory period at a given point following a 


maximal shock at that point may be greater than that at another point — 


following the passage of an impulse. The shock is supermaximal for many 
of the fibres, while the impulse is maximal for all of them: and the excess 
of current causes delayed recovery. 
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THE “INHIBITORY” EFFECT OF HIGH-FREQUENCY 


STIMULATION AND THE EXCITATION 
STATE OF NERVE. 


By McKEEN CATTELL (Cornell) 
anp R. W. GERARD (Chicago). 


(From the Department of Physiology, University College, London.) 
(Received November 6, 1934.) 


Hit1 and his collaborators have noted and examined in some detail the 
unexpected effect of high-frequency stimulation of nerve. Up to moderate 
values, 400-600 per sec., the response—either heat or action potential— 
increases with frequency as if to an asymptotic value. At higher fre- 
quencies, however, the conducted response progressively diminishes: by 
50 p.c. or more at 2500 per sec. and, by extrapolation, almost to zero at 
5000, or with stimuli spaced at 200 micro seconds. 

In general terms, the decreased activity could be due to one or all of 
three types of effect, easily distinguished experimentally. (1) The fast 
stimulation might set up propagated activity of low intensity by some 
form of over-driving of the fibres. In this case, as in the classical Wedensky 
effect, additional stimuli applied at a slow rate at any position or phase 
should be entirely ineffective or even slightly augment the inhibition. 
(2) The fast stimulation may so alter the nerve locally under the electrodes 
that it becomes less irritable and conductive, some fibres perhaps being 
completely blocked, and all fibres able to carry fewer impulses per sec.— 
not unlike an anelectrotonic state. Slow stimuli applied at a point 
“downstream” should then be fully effective and produce a response 
equal to or even slightly above that of slow stimulation alone. If applied 
at or above the region of fast stimulation, however, adding slow stimuli 
would not increase, possibly slightly decrease, the response. (3) Rapid 
stimulation may largely fail to excite (as is the case for high-frequency 
sine currents) without greatly altering the ability of the nerve to conduct 
impulses or to be excited by lower frequencies. If this were the situation, 
superimposing low frequencies on high ones should lead to approximately 
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408 M.CATTELL AND R.W. GERARD, 
maximal responses, whether applied above, at or below the region of high 
frequency stimulation. | | 


Experiments were performed to test these possibilities, using the 


action potential, recorded with calomel electrodes at a distance from all 


points of stimulation, as the index of conducted response. High- 
frequency stimuli (condenser discharges through a commutator) were 
applied through silver or calomel electrodes at a frequency of 2300 or 
more one-way or 4400 two-way discharges per sec. Low-frequency stimuli 
(obtained from an independent commutator-condenser set-up) were one- 
way discharges at 500-600 per sec. through calomel or silver electrodes. 


Usually a discharge time, to 1/e, of 2 x 10-* sec. was used. That both sets — 


of stimuli were equivalent, except for frequency, was shown by reducing 
the frequency of the “fast” stimuli to that of the “slow”—when both 
gave the same action potentials. Escape of stimulating currents to the 
pick-up electrodes did not occur; except with excessive stimuli: grounding 
the nerve between stimulating and lead-off electrodes made no significant 
difference in the galvanometer deflections, whereas killing the nerve or 
blocking with a constant current abolished them. 


RESULTs. 


L (low-frequency) below H (high-frequency). In all cases the full L 
response, or slightly more, is obtained when L stimuli are applied down- 
_ stream to H. Typically, when L is “on,” turning H on or off has no 
effect on the deflection. | 

Sometimes a small increased response results from H + L, as if a few fibres respond more 
to H than to L. The same sometimes occurs when H is lowered to the frequency of L (e.g. 
H =236, L =235, H +L =250) and may mean only an anatomic unavailability of fibres to 
one or the other electrode. Results of two series of three and four runs at usual frequencies 
were: H=120, L=220, H+L=235; and H=50, L=90, H+L=95. Hill reported a 
similar experiment, using heat production as the measure of response [Bugnard, 1934], 
with a similar result. 


Clearly, the diminished response to high-frequency stimulation does 
not depend on conducted activity of low intensity or on a special pro- 
pagated “inhibition,” but rather on a failure to set up the usual nerve 
impulses. To what extent this failure is the result of some form of local 
block by H, and to what extent it is a failure of H to reach a threshold 
value or all fibres is indicated by applying the L stimuli at or above the 
region exposed to H. | 

L or H partly or wholly interpolar to other. In general, any such com- 
bination permits a maximal or nearly maximal response when L is on 
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whether H is on or off. It is necessary, however, to consider the separate 
cases and especially the current direction. With the cathode of H distal 
(downstream) and between the two electrodes of L, the full response is 
obtained. Similarly, when H and L are both applied to the same pair of 
electrodes (distal H electrode either cathode or alternating, and L cathode 
or anode distal), the maximal response is obtained, at least when the H 
voltage is not too high. Thus in two runs: (1) H cathode distal: H =55, 
L=200, H+L=200; (2) H alternate discharges: H=130, L=165, 
H+L=165. 
_ The case of L interpolar to H is especially interesting, as either the 
cathode or anode of H (or both with alternate shocks) can be interposed 


between ZL and the region of recording. Mostly, the direction of H was | 


immaterial and responses to L were complete or large—putting on L 
always gave a marked increase over H alone. 

Thus the average of seven runs in two series was: (1) H cathode distal: H =65, L =145, 
H +L =145; (2) H cathode proximal: H =25, L =170, H +L =165; (3) H alternate: H =90, 
L=140, H +L=135. In one experiment, however, the impulses set up by ZL stimulation 
were completely blocked by the cathode of H (cathode distal) and were completely passed 
by the anode (cathode proximal): H cathode distal—H =50, L =200, H + L =50; H cathode 
proximal—H =55, L=200, H +L =200. The block occasionally produced by H is more 
satisfactorily considered in relation to the following series of experiments. 

The prime indication of this series is that the nerve stretch acted on 
locally by H stimuli is still quite able to respond maximally to added L 
stimuli of the usual just supramaximal intensity. It seems to follow that 
diminished responses to high frequency stimuli are primarily due to a 
failure of these stimuli to excite. 

L above H, The preceding experiments test, roughly, the “irritability ” 
of the nerve stretch exposed to H; the present ones similarly test its 
“conductivity.” The general result is, again, that the H region does not 
offer a serious barrier to the passage of ordinary impulses initiated up- 
stream. A partial or complete block was, however, not uncommonly 
encountered; and several experiments were directed, with only partial 
success, to an analysis of the factors determining its appearance. A 
survey of the basic results is given in Table I. 


I. 
Runs 

Exp. averaged H L H+L 
1 4 45 70 40 
3 6 
3 ll 130 185 185 
1 120 295 260 
5 3 135 295 280 
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In each case consistent results were obtained, except that L was completely blocked at 
first in exp. 3 and completely transmitted later, with no deliberate alteration of the experi- 
mental conditions. In most cases the presence or absence of a ground on the nerve between 
stimulating and recording electrodes made no difference. Other checks to eliminate the 
possibility of the L stimuli spreading past the H region and acting, directly, on the normal 
nerve beyond included: (1) Reducing to maximal or submaximal intensity, supramaximal 
L stimuli that were “coming through” the H region. There was no difference except that 
with very strong stimuli the total L response (H on or off) was greater by about 20 mm. on 
200—almost surely a direct leak into the galvanometer circuit. (2) Moving Z upstream, and 
away from the H region, as much as 2 om. had no influence, (3) Applying constant current 
(2 volts) at the H electrodes blocked conduction and abolished reéponses to L. 

One important factor is the frequency with which impulses arrive at the H region. On 
varying the frequency of L several times from 450 to 1000, average results were: L at 
450 per sec.: H =80, L = 260, H +L =220; L at 600 per seo.: H =85, L=250, H +L =340; 
L at 1000 per sec,: H =50, L =195, H+L=110, It is interesting that at 1000 per sec. the L 
stimuli begin to show the “inhibition” of high-frequency, and at the same time are largely 
blocked by the H region. The same blocking of high-frequency impulses is shown using H 
alone by changing current direction. Thus the following responses were obtained to H, in 
each set using the same electrodes (Table IT). 


Tasze II. | 
Cathode Cathode 
Exp. distal proximal Alternate 
1 35 (3) 40 (1) 35 (3) 
2 130 (9) 5 (6) 160 ht 
3 75 140 (1 
4. 120 (2) 30 (2) —_ 


- With a single exception, the response was distinctly greater when impulses arising at a 
distal cathode could travel directly on than when, arising at a proximal cathode, they had to 
pass the anodal region. Several interpolar lengths, from 2 to over 20 mm., were used; and 
the proximal electrode was moved near to or far from the cut end of the nerve; with no 

difference. 


These results speak then, for a block of high-frequency impulses at 
the anode of high-frequency stimuli. (The influence of alternate shocks 
will be considered later.) It is to be expected that the more rapid an 
impulse train—with consequent lowering of impulse intensity by travel- 
‘ling in relatively refractory periods—the more easily will block occur at a 
region of slightly increased threshold. This is entirely comparable to 
the classical Wedensky effect [see Kato, 1929; Gerard, 1930]. A pro- 
gressive slowing of reactions, with rise of threshold and prolonged re- 


lines, for the falling-off of the H response on continued stimulation. 
(Through all the discussion, decreased response is to be interpreted as due 
to fewer active fibres, or fewer or feebler impulses. The latter could only 
occur at frequencies falling within the refractory period, which is,how- 
ever, prolonged. Field and Briicke, 1926; Gerard and Forbes, 1928; 


_ fractory period due to equilibration, would help account, along similar 
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Bugnard and Hill, 1935. The dropping out of fibres in statistical 
fashion is probably a large factor.) 


Returning to the factors that determine whether or not L impulses pass the H region, the 
direction of H may play a minor réle. In one experiment, L came through almost entirely 
when H was cathode distal, and 70 p.c. when cathode was proximal; so that passing cathode- 
anode seems somewhat more difficult than the reverse order. But of special interest is the 
influence of magnitude of the H stimuli. The stimulating, “inhibiting” and blocking effects 
of H do not in fact run parallel as H is altered. In exp. 3, for example, L was at first blocked 
by H at 6 volts; but later, L brought responses to maximal and was not affected when H was 
increased to 10 volts though the H response rose 30 p.c. In another experiment, with 
altered connections, [ came through fully as the voltage of H was raised from 20 to 40—the 


__. H response increasing 70 p.c. over this range. A complete test, altering the duration rather 
than the voltage of H, is shown in Table III. 
Taste III. 
Capacity ‘of H: pF 
0-1 0-2 0-3 0-4 0-5 0-8 
H 15 135 195 210 225 220 
L 300 295 300 295 300 305 


H+L 290 280 270. 270 275 260 


H =10 volts, 250 w shunt; L =10 volts, 250 w shunt. 
0-1 uF at low speed (600 per sec.) H was maximal at 10 volts and 0:1 uF. 


It will be noted that, though 0-1 uF gave a maximal response at 
600 per sec. it was barely above threshold at higher rates—in this case 
1700 per sec. This point will be further substantiated later. Of more — 
immediate concern: Z comes through the H region equally well, and 
nearly completely as the H response increases from threshold to a maxi- 
mum at 0:5 uF capacity. As the duration of the H discharges is still 
further increased the H response remains the same while L progressively 
blocks. In other words, the ability of H stimuli to excite (or “inhibit”’) 
nerve varies quite separately from their ability to block L impulses. 

The results so far may be roughly summarized by the statement that 
low-frequency stimuli applied to a nerve trunk above, below, or at the 
region of application of high-frequency stimuli of identical character are 
able to increase responses to maximal, even though the high-frequency 
responses alone are greatly reduced. This indicates that the high- 
frequency stimuli are largely failing to excite. On the other hand, the 
high-frequency region may completely block impulses initiated above it. 
This is likely to be the case for relatively frequent low-frequency im- 
pulses or with moderately injured nerve, and indicates that the high- 
frequency stimuli may also lead to a local rise of threshold. Further 
observations with H stimuli alone add some information on these points. 
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In one experiment, the nerve was deliberately injured by tearing the 
sheath in two lines. The falling off of response with frequency appeared at 
much lower values than before (Table IV). 


IV. 
Stimuli Intact Injured 
persec. § Response p.c. Response p.c. 
450 252 178 100 
1060 252 100 119 67 
1500 247 98 55 31 
2300 163 64 23 13 


It has already been pointed out that responses to H with cathode 
proximal are usually much less than with cathode distal, and the result 
attributed to block at the anode. Yet, an increase in H shocks often 
increases the cathode proximal response. Since the block could hardly 
become less, this must mean that more fibres are being activated. More 
direct evidence also shows that stimuli which are maximal at 500 per sec. 
are definitely submaximal at higher rates—though the individual dis- 
charges remain identical. One experiment has been mentioned; another 
test of H strength follows (Table VY). 


Taare V. 

Response Volts pF 

ZL (600 per sec.) = 295 sini sas 
H oe sec.) = 275 20 0-1 
H (2500 per sec.) = 125 20 0-1 
” 110 20 0-5 

99 100 20 1-0 

” 100 20 2-0 

190 30 

” 220 40 0-1 


_ In this case, increasing the duration of the H shocks (larger capacity) 
actually gives feebler responses, but increasing intensity (voltage) 
greatly increases the response. Controls eliminate the possibility of 
current spread to the galvanometer as an error here. Similarly, with a 
given H stimulus applied over widely separated electrodes—with high 
nerve resistance—shocks that are maximal at frequencies of 600 are 
definitely submaximal at 2400, since moving the electrodes closer to- 
gether may increase the latter response over 50 p.c. It should also be 
noted in this relation that with the condenser charging as well as dis- 
charging through the nerve, so giving alternating shocks at double the 
ordinary frequency, the response of the nerve is commonly not less but 
‘more than for the one-way discharges (see Table II for partial data). 
(Tests in the stimulating circuit or on the nerve adjacent to the inter- 
polar stretch failed to show any rectification of the alternate shocks.) 
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Finally, experiments performed with Dr Bugnard show that at 
4° ©. the falling off of response with increased frequency begins at about 
400 per sec. rather than, as at usual temperatures, at 1000-1500 per sec. 


Discussion. 


The results speak clearly, then, for a local influence of the high- 
frequency stimulation of nerve. The stimulation may lead to a diminished 
conductivity through the exposed region and to a diminished excitability 
of this region, as in a state of anelectrotomus, or of relative refractoriness. 
To a large extent, however, the high-frequency shocks are failing to 
supply adequate excitation. Low-frequency shocks superimposed in the 
interpolar stretch do evoke a greater response, and this cannot be simply 
@ summation of stimuli effect since it occurs when the two sets of shocks 
are in opposed directions. The possibility of rapid stimuli evoking a series 
of very feeble decrementing impulses also would seem to be excluded by 


_ these results—for extra impulses set up proximal to the high-frequency 


region should not get through to increase the total response of a more 


distal region—as they do. 


The high-frequency stimuli, therefore, act locally to render the nerve 
less irritable and conductive, and at the same time are themselves less 
than maximally excitant. The first effect recalls the demonstration by 
Bishop and others that strong induction shocks may cause momentary 
block by sharply depolarizing the nerve. The second may be related to a 


_ distortion of the sharp condenser discharge currents in the nerve itself or 


to a “smoothing out” in the excitation process. 

Though very short current pulses are delivered to the surface of the 
nerve by the electrodes, these might be flattened and slowed in passing 
through alternate leaky capacities and conducting fluids on the way to the 
irritable structures. Even high-frequency (10° sec.) sine currents may not 
excite until ten or more oscillations have passed through a nerve 


: {Gildemeister), which similarly suggests a tissue distortion, or recti- 


fication, of the applied currents. More important is a lag in the physio- 
logical excitation process itseiit, wuich would act in the same way. That a 
physiological rather than physical “lagging” is crucial is indicated by the 
marked slowing effect of low temperature, of injury, and of continued 
activity and equilibration, with a lowering of the critical frequency.* 


1 In the slower crab nerve, the duration of the excitation process can be strikingly 
demonstrated. With high voltages ana snort times, introducing the alternate shocks doubles 


' the nerve response, while with low voltage and long times this abolishes all response [see 


Gerard, 1934b]. The effect of continued activity at low frequency on frog nerve is to slow 
its reactions ia as in extreme equilibration [see Gerard, 1934a]. 
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With such a smoothing, then, it is clear that at low frequencies the 
“excitation state” can rise and fall over a wide range between successive 
stimuli, whereas at high-frequencies it cannot. If a certain amount of 
change of excitatory state is “threshold” for excitation, responses to low- 
frequencies will be maximal, to high ones, submaximal. Similarly, alter- 
nating shock direction, even while doubling the total frequency, should 
give a greater response—as it does. The superposition of a low frequency 
on.a high should stimulate. This is not only a matter of summation of 
stimuli, since the low-frequency discharges may be opposed in direction 


to the high ones. Omitting occasional pulses from the high-frequency — 
series should similarly excite—as is the case for a gap in a constant 


(Lucas) or sine current (Gildemeister). Also, interrupted unidirec- 
tional stimuli (iterative) have under proper conditions, a lower threshold 
than the unbroken constant current [see Lapicque, 1926]. 

The high-frequency condenser discharges, then, tend to mimic 
polarizing currents (as do also sine currents)—they alter irritability and 
conductivity to the extent of block in the extreme; but ordinarily permit 
the nerve exposed to them to respond to other, less constant, excitation 
while themselves failing to excite. 

Bugnard and Hill [1935] have subsequently (see following paper) 
performed experiments with the series of shocks at low-frequency inter- 
posed at fixed positions, midway between successive shocks of the high- 
frequency series. In this case no increased response results from adding 
the low to the high; which excludes our original picture of a relatively 
_ very slowly waxing and waning excitatory process. On the other hand, 


|. the explanation of Bugnard and Hill, based on a combination of effects 


(refractory period, summation, recovery interval), is not essentially 
different from that of a varying state of excitation. Some crucial factor 
in the nerve is decreased on stimulation, more on high-frequency than 
slow, and returns progressively towards normal with elapsed time since 
the last stimulus. A high-frequency keeps recovery at a minimum. 
[See also Gerard, 1930, p. 506, on the same point]. The particular factor 
involved may well be the concentration of potassium ions moved to or 
from the membrane, as has often been surmised [see Gerard, 1930; 
Bugnard and Hill, 1935]; or, equally well, the concentration of a 
reacting substance, as phosphagen, balanced between hydrolysis and 
resynthesis [Gerard, 1934a]. The present experiments do not decide; 
though the extra restoring action of oppositely directed shocks is slightly 
more suggestive of the first alternative. The effect of injury might like- 
wise be related to the passage of potassium into the intercellular spaces. 
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SumMMARY. 


The diminution of nerve responses to high-frequency condenser dis- 
charges (2000 per sec.) as compared with low (500 per sec.), has been 


analysed by the use of separate high- and low-frequency stimuli applied 


simultaneously at the same or separate calomel electrodes, using the 
conducted action potentials as a measure of activity. 

In most cases, low-frequency stimuli applied to the nerve trunk 
above, below or at the region of application of high-frequency stimuli of 


" identical character, are able to bring the response to maximal, even though 


the response to high-frequency alone is greatly reduced. Under these 
conditions, the high-frequency is largely failing to excite. Stimuli which 
are maximal at 600 per sec. may give 3 p.c. responses at 1700 per sec.; 
but 80 p.c. if the shocks are prolonged eight times. Under other condi- 
tions, especially with high-frequency shocks of longer duration, or more 
frequent low-frequency shocks, the high-frequency is able to block low- 
frequency impulses passing through the high region. The high-frequency 
discharges act upon the nerve, then, much like electrotonic currents, 
to depress or block in extreme cases. Ordinarily, the high-frequency 
stimuli, while largely failing to excite themselves, do not prevent the 
full response when low-frequency stimuli or impulses are superimposed. 

Some physiological process long outlasts the shock that initiates it; 
and it is clear that at low-frequencies the excitation state will have 
ample time to wax and wane, while at high-frequencies it will build up 
and be maintained with little fluctuation. The further facts that injuring, 
cooling or equilibrating a nerve by previous activity, all of which slow its 
reactions, alike lower the frequency needed to give the high-frequency 
effect speak for this interpretation. 

We ate indebted to Prof. A. V. Hill for his hospitality and stimulating criticism. The use 
of his admirable laboratory facilities, so well adapted for such problems as these, alone made 
possible this series of experiments. 
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A FURTHER ANALYSIS OF THE EFFECTS OF 
HIGH-FREQUENCY EXCITATION OF NERVE. | 


By L. BUGNARD# (Toulouse) A, V. HILL. 
(From the Department of Physiology, University College, London.) 
(Received November 6, 1934.) 


CaTTEe.t and GeRrarp [1934, 1935] have made the very interesting 
observation that, using separate high- and low-frequency stimulation, 
when the high frequency alone is giving far less than the maximum 
response (owing to the frequency) a similar stimulus of lower frequency 
applied simultaneously above, below, or at the same electrodes may 
produce a large increase. No block occurs at the electrodes to impulses 
started above them, provided that the shocks constituting the high 
frequency stimulus are not too prolonged; if they are, an electrotonic 
effect is produced [Bugnard and Hill, — and — are unable 
to pass, 

nerve at 5°; 10 shocks per sec.) will produce impulses running in one direction only along 
the nerve. An impulse started from the cathode is unable to penetrate the region between 
the electrodes. If the intensity is less (e.g. 2 volts), or if the discharge time is less (e.g. 
250 ysec.), an impulse will travel both ways from the cathode. te 
thing as Pfliger’s law, applied to condenser discharges. 

As regards simultaneous stimulation at the same electrodes by high 
and by low frequency, it was possible, as Cattell and Gerard suggest, 
that some physiological state is built up by regular high-frequency 
excitation which is “maintained with little fluctuation,” so that the 
individual shocks do not excite. The high-frequency shocks might produce 
an effect like a weak constant current, and so fail to set up a regular 
rhythmic response. The low-frequency shocks might then excite in the 
normal way as they would in a weakly polarized nerve. There are two 
objections to this: 

(1) The calculated electrotonic effect, for shocks of short sa eiteds 18 
too small at the frequencies considered. 

(2) Discharges: alternating in direction show a similar, 
admittedly smaller diminution of response at high sichastca ol 
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_ We believe that the effect found by Cattell and Gerard has a simple 
explanation, viz. (1) that the fibres are maintained by the high-frequeney 
stimulus in a fluctuating relatively refractory state, responding only 
occasionally (see Fig. 1), and (2) that some of the shocks of the low- 
frequency series must necessarily fall so close to shocks of the high-fre- 
quency series that summation of stimuli ocours; the nerve, being for a 
large part of its time only just refractory to the high-frequency shocks, is 
excited by those which happen to be inereased by the near coincidence of 
shocks of the low frequency. According to Erlanger and Blair [1931], 


Normal fall excitability 


Fig. 1. Diagram to illustrate hypothesis of excitability changes during high frequency 
One-way stimulation with condenser discharges of short duration. Excitability of 
nerve vertically (as reciprocal of shock intensity required to excite). Time horizontally. 
Shocks shown by short vertical lines. The excitability falls to zero (A, and A,) after an 
effective shock ; then begins to rise again but is depressed by each succeeding ineffective 
shock, so only gradually reaching the level at which a shock is again effective. At B 
(dotted line) one shock is supposed omitted. The excitability continues to rise (instead 
of being depressed) and reaches the critical value within the next interval: at B, the 
nerve is excited and at 6 the process of recovery starts again. At C (broken line) one 
_ shock is supposed reversed in direction: the refractoriness is instantly diminished 
(excitability increased to C,), recovery continues to C,, when a shock is effective. The 
stimulation ended at the left of the figure. Tees. 


following a shock of itself just sub-threshold, there is a phase during which 
another shock can sum with it to produce a greater response. If this 
summation phase (at 20° C.) be 150 ,sec., and if one of the low frequency 
shocks fall within +150 usec. of one of the high frequency, it will sum 
with it and excite. The interval of possible summation, therefore, is 
300 wsec., the total interval between shocks of a 2000 per sec. series is 
500 wsec., so that 60 p.c. of the low-frequenoy on. the 
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This explanation was tested as follows. During a high frequency 
_ stimulus, (A) one out of every sixteen shocks was increased in intensity ; 
(B) an extra shock was introduced exactly half-way between two (out of 
every eight) of the high-frequency shocks. On the hypothesis of sum- 
' mation (A) should produce an extra response, (B) should not. On the 
hypothesis of a uniform physiological state set up by the high-frequency 
stimulus, both should have the same positive effect. The answer was 
decisive: (A) always produced an increase in the response; with certain 
qualifications (see below) (B) did not, The physiological state, therefore, 
was not uniform, summation occurred when it should, an extra shock 
failed when summation was not to be expected: the fibres were being 
maintained in a fluctuating relatively refractory state by the high- 
frequency stimulus, with only occasional response. 

The hypothesis on which the following experiments will be discussed 
is illustrated in Fig. 1, The excitability of a nerve fibre, as the reciprocal 
of the shock intensity required to excite it, is given as a function of the 
time during a high-frequency stimulus. The shocks are shown by the 
vertical lines below the axis. After an effective shock (A,, A,) there is an 
absolute refractory period followed by a relatively refractory period, the 
excitability gradually increasing but being depressed by each of the 
ineffective shocks of the stimulus. Finally another shock is effective. 


B (Fig. 1) is the case of a single omitted shock. The excitability con- 


tinues to rise of itself to B, and the next shock is effective, although, 
without the omission it would not have been. At C (Fig. 1) is the case of 


a single shock in the opposite electrical sense: this instantly raises, 


instead of depressing, the excitability, and a response occurs to the next 


One of the sixteen charging segments of a thirty-two segment com- 
mutator [see Hill, 1934, Fig. 1] was isolated from the ring to which the 
other fifteen were connected, and provided with a separate connection 
to a battery and key. In this way one in sixteen of the shocks of a high- 
frequency stimulus could be given any required intensity, positive or 
negative, or omitted altogether: or, by opening their key, the fifteen 


could be omitted and only the one used. The rest of the circuit was the 


same, for the one and the fifteen (cf. Fig. 2 below, left-hand side), so the 
intensity alone (not the discharge time, which was kept at 12} psec.) 
could be varied. Using the one only, the shocks (at 125 per sec.) were 
normally effective, although, using all sixteen (at 2000 per sec.), with the 
commutator running at the same speed, the response was greatly 
diminished. This is a satisfactory confirmation of the conclusion from 
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direct tests that the commutator, even at the highest frequency, works 
correctly. 

Let us call the fifteen shocks A and the one shock B, and denote by a 
suffix the voltage used. The following experiment may be quoted: nerve 
cirouit about 40,000 ohms; shunt 250 ohms; 0-05 uF ; 20° C.; 2000 per sec. 
for A sea B together. 


A 140 


208 mm. 


Galvanomete: 
leads 


Fig, 2. Arrangement for stimulating with frequency n (key K,), n/8 (key K,), about n/8 
(key K,), separately or together. The shocks from K, fall exactly half-way between two 
(out of every eight) of the shocks from K,: the shocks from K, fall independently of 
those from X,. The two circuits to the right and left can interfere with one another, 
according to their phase, but only to the extent of sharing the charge instantaneously 

between the two condensers: this had no effect, since the discharge time chosen was so 
short that the quantity discharged was the sole effective agent in excitation. , 


The nerve, with A,+B,, was apparently responding to the By 
alone. 

In other similar experiments the abage of varying the intensity of the 
B stimulus was studied : 
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125 Ag+ 176 
By 0 Ag+ Boy 185 
Bis 40 +B. 260 
270 300 


These results precisely Hostrate the hypotheses embodied in Fig. 1, 
viz. (1) that during the relatively refractory phase an ineffective shock 
produces at its cathode a proportional decrease of excitability, at its 
anode a proportional increase, and (2) that most of the shocks of a high- 
frequency stimulus are ineffective because the nerve is kept in a relatively 
refractory state. Increasing one in sixteen of the shocks, even a little, 
produces a large effect: increasing them all, however, has only a small 
effect, since a greater degree of refractoriness is produced immediately 
by greater ineffective shocks. The nerve, in fact, for a large part of its 


time, is kept, by high-frequency stimulation, just below the level at which : 


it is excited by whatever intensity is employed. 
If this view be correct, the results just described should not be ied 
with a stimulus of lower frequency: this is the case. For example: 


83 
The result is quite different: all the shocks of A are effective : introduc- 


ing B merely increases the response. An intermediate case was observed 


280 
158 


The experiments were repeated at 5° C., with identical results, except 


of course that these occurred at a lower frequency. With a very high 
frequency, which is relatively higher for the cold nerve, the omission of 
one shock in sixteen had no effect—the interval was not long enough to 
allow a sufficient degree of recovery to occur. 


INFLUENCE OF THE DURATION OF STIMULATION AT HIGH FREQUENCY 
ON THE EFFICACY OF A GAP IN THE STIMULUS. 


Experiments made (at 5° C.) with relatively low-frequency excitation 


had shown that the refractory period increases as stimulation proceeds. 
The omission of one in every sixteen of the shocks of a high-frequency 
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stimulus may produce a large increase in the response, by allowing time for 
recovery to above the threshold of excitation; but at very high frequen- 
cies—unattainable experimentally except at a low temperature—this 
increase does not occur. It was foreseen therefore that, with prolonged 
stimulation, leading to an increase in the refractory period and hence 
probably to a decrease in the speed of recovery, the efficacy of a gap in 
the regular series would be diminished. This is the case at both tempera- 
tures; for example at 20° C. and 2000 shocks per sec. 


Time 
min. Stimulus Response Stimulus Response 
0 Ag + Boo 80 Ag 175 
2 99 68 126 
Ag+ Bey 40 Be 240 
20 Ag + Bay 15 Ag 25 


After 6 min. excitation the response of the nerve to an effective 
stimulus was as great as ever, but the response to high frequency was con- 
siderably diminished. Judging from the last entry where, after 20 min., 
the response to high frequency was about zero, and with the gap scarcely 
more, prolonged stimulation with shocks not 1 p.c. of which were effective 
kept the rate of recovery at a greatly diminished level and the relative 
refractormess much enhanced. : 

Let us turn next to the type (B) of experiment referred to on p. 418 
above. A commutator was arranged to have (i) eight “charge” segments 
at regular intervals all connected to one ring, and (ii) one “charge” 
segment exactly half-way between two of the eight, separately connected 
to a battery and key. By this means an extra shock of any desired 
intensity could be introduced at the middle of one interval in eight. It 


- \was impossible to drive the commutator fast enough to get the frequencies 


required for a nerve at 20° C.; a temperature, therefore, of 5° C. was 
employed» 

The frequency from the eight regular segments being n, that from 
the extra segment is n/8. Another commutator, separately driven, was 
arranged to give a frequency about n/8 of similar shocks at the same 
electrodes. It was possible for the two circuits (see Fig. 2) to interact, so 
that the charge of one condenser was instantly shared with the other 
before discharging through the nerve. Since, however, discharges of very 
short duration (124 psec.) were employed, the effective agent in excitation 
was the quantity of electricity, and this was unaffected by the sharing 
of the charge between two condensers and its rather slower discharge to 
the nerve. The second commutator was to provide shocks at a gradually 
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altering phase relatively to the first, instead of exactly between two out of 
every eight. 

Let us call A, B and C the stimuli of frequency », n/8 and about 
n/8 respectively, B being exactly half-way between two of A, C being 
independent of A and B. Sometimes C will coincide with units of A, in 
which case summation will occur; sometimes C will fall exactly between 
units of A, in which case there will be no summation. A beautiful 
phenomenon was seen at once, viz. that with A running at an appropriate 
frequency n, and C at nearly (but not quite) n/8, the response waxed and 


waned as C came in and out of phase with units of A, i.e. as summation | 


occurred or failed. Other results were as follows: 
(i) Over the plateau of the response-frequency curve, up to 


150-200 shocks per sec., 4+B=A+C=A: Band C can have no extra 


effect when superimposed on A, since the response is already at its 
maximum, 
(ii) From 150-200 to 300 per sec. 


A+B=or is slightly < A. 
A+C>A., 


The reason for the former is that the extra shocks of B fall when the 
nerve fibres are even more refractory than they are to the shocks of A: 
and the B shocks may make the nerve more refractory, acting indeed 
much as though the frequency were increased by »/8. The C shocks, 
however, can fall at any phase of the cycle, and many of them will sum 
with units of A as described above. 

(ii) Above 300 per sec. 


A+B is slightly > A, 
is largely > A. 


this tenes the cing to sloes enough to.the 
A shocks to sum with them for some of the fibres. The average summation 
effect of C with A is greater the shorter the interval. With a higher 
frequency of A more of C will come within the summation interval. A. 
typical experiment is as follows: 


Frequency A Response A 
99 142 


| © (38 per ac.) =68 
194 110 A+B=110 ~ =95 
A+0=90 © (60 por seo) =138 
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If, at a high frequency, the shocks of B and C are zeduced in intensity, 
no summation occurs between B and A, considerable summation between 
CQ and A. For example, with A 512 per sec., B 64 per sec., ( 65 per sec., 
and denoting volts by suffixes, responses at 5° C. were as follows: 


=30 A =30 


C at 10 volts is capable of producing a large effect when superimposed 
on A at 20 volts, B at 10 volts has no effect at all. 


If, at high frequencies of A, the shocks of B and C are in the opposite 
electrical sense to A, 


The shocks B and C cannot in this case be effective by summation, since 
summation between shocks of the opposite sign is impossible. They must 
act by destroying the refractory state left by preceding shocks, and allow- 
ing the next shock to be effective. For example, with the same frequencies 


as above: Ag=45 Ag +By =710 Ag =130 
Ag=45 +B =185 + Cop =180 


It looks as though the negative interposed shock, whatever its phase, 
causes the next shock to be completely effective. The improvement in 
excitability—in recovery from refractoriness—effected by a shock in the 
opposite direction is the reason why, at high frequency, two-way stimula- 
tion at frequency 2n is more effective than one-way at frequency nm. At 
low frequency the two-way is more effective than the one-way — 


because it gives twioe the number of actual responses. 


Discussion. 
All the facts described are in keeping with the simple hypothesis that 
excitation is associated with the removal, by the stimulating current, of 
some (probably charged) body X, from the neighbourhood of the cathode. 
After a shock, effective or otherwise, there is a period during which the 
excitability at the cathode is depressed : X has not yet returned to its full 
concentration. High-frequency one-way stimulation keeps the concen- 
tration of X low. A gap in the stimulus allows the concentration to be 
restored naturally ; a shock in the reverse direction forces it up electrically. 
Fig. 1 can easily be expressed in these terms. No clue is given by the 
present experiments as to the nature of X; that might be decided, how- 
ever, if there be any truth in the theory, by experiments with specific 
substances on the present lines. 
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| SuMMARY. 


1. Cattell and Gerard have found that a high frequency stimulus, 
itself producing a very small response, does not prevent a nerve from 
responding to a stimulus of lower frequency, applied above, at, or below 
the electrodes of the high frequency. 

2. The effect of a low-frequency stimulus at the same electrodes is 
shown to be due to summation occurring between units of the two 
stimuli. 

refractory state, each ineffective shock depressing the excitability, which 
only gradually rises to threshold. Response im each fibre is thus only 
occasional. Response can be made more frequent (a) by regularly allowing 
a double interval for recovery, (6) by regularly increasing the intensity of 
one of the shocks, (c) by periodically inserting a shock in the opposite 
electrical sense. 

4. A diagram (Fig. 1) is given, illustrating the excitability changes 
_ during high-frequency stimulation. The hypothesis contained in it is in 
_ keeping with the results of Erlanger and Blair [1931], and with all the 
facts observed in the present research. The central point of it is that 
shocks which are “ineffective,” owing to falling in the refractory period, 
nevertheless depress the excitability and extend the refractory state: 
or, if m the opposite electrical sense, raise the excitability and shorten the 
refractory state. 

5. It is suggested that in the process of excitation some iaeneei is 
removed by the current from the neighbourhood of the cathodé, and 
recovery consists in its spontaneous return. The relatively refractory state 
is associated with its decreased concentration. One-way shocks keep its 
concentration low and the state refractory. A shock in the opposite 
electrical sense tends to force it back and so to restore normal excitability. 


We are indebted to Dr R. W. Gerard for much suggestive discussion: and to him 


and Dr Cattell for the impetus supplied by the new facts described in their preceding 


Bugnard, L. and Hill, A. V. (1935). J. Physiol. 88, 394. 
Cattell, McK. and Gerard, R. W. (1934). Ibid. 88, 26 P. 
Cattell, McK. and Gerard, R. W. (1935). Ibid. 88, 407. 


Erlanger, J. and Blair, E. A. (1931). Amer. J. Physiol. 99, 108. at 
Hill, A. V. (1934). J. Physiol, 82, 423. 
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‘ELECTRIC EXCITATION OF THE FIN 
NERVE OF SEPIA. 


By L. BUGNARD?® (Toulouse) anv A. V. HILL. 
(From the Marine Biological Laboratory, Plymouth.) 
| (Received November 12, 1934.) 


Tux strength-duration curve of striated muscle depends largely upon the 
size and character of the stimulating cathode [Davis, 1923; Watts, 1924; 
Rushton, 1932 b, p. 467; Lapicque, 1934, p. 115]: that for medullated 
nerve much less [Grundfest, 1932, pp. 107, 113]. Distance between 
electrodes is stated somewhat to affect the chronaxie of nerve [Cardot 
and Laugier, 1914; Cardot, 1914] and [Lapicque, 1931] largely to 
affect the “pseudo-chronaxie” of muscle as measured with a fluid cathode. 
The final slope (at short times) of the strength-duration curve, plotted in 
double logarithmic co-ordination [Rushton, 1931] is, for nerve, 1:1 
[Rosenberg, 19344; Scott, 1934; Hill, 1935], showing that the 
quantity of electricity required for excitation is constant: so far as 
published data go [Rushton, 1931, Figs. 8, 9; Rushton, 1932 a, 
Fig. 7, 1932 6, Figs. 4, 7, 9] the final slope for muscle is about 1: 2, in 
which case the energy required for excitation is constant. It was natural 
to suspect that the difference between medullated nerve and muscle in 
all such respects might be due to the myelin sheath of the former; if so, 
non-medullated nerve would behave much more like muscle than medul- 
lated nerve. The object, therefore, of the present enquiry was to examine 
the various factors influencing electric excitation of a non-medullated 
nerve, (See Bugnard and Hill, 1934; Gerard 1934.) 

We were introduced to the fin nerve of the cuttlefish by Mr J. Z. 
. Young [see Young, 1932; Sereni and Young, 1932; Young, 1934], 
who informed us that its fibres are strictly non-medullated. The mantle- 
connective nerve, before entering the stellate ganglion, gives off a branch 
which (joined lower down by a branch from the ganglion) passes to the 
muscles of the fin. It can be isolated, and after washing for half an hour 
in aerated sea water it works well, often for long periods. It is available 

1 Rockefeller Fellow. — 
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fro. the central nervous system downwards. The branches to and from 
the ganglion were cut, and one of the branches to the periphery was 
chosen for dissection. Stimulation was at the central end, where there are 
no branches and the nerve is quite uninjured; recording of the action 
current was from the peripheral end. | 
Low frequency repetitive stimulation (one-way) by commutator and 
condenser was employed [Hill, 1934 a]. The sign of activity recorded was 
the monophasic action current read by a moving-coil galvanometer 


(Zernicke Zd) connected to the nerve by calomel half-cells and filter- 


papers soaked in sea water. The stimulating electrodes were similar. The 
chamber was of paraffin wax; it was carefully washed and dried after 
- each experiment to avoid leaks [cf. Scott, 1934; Bugnard and Hill, 
1935 6]. Potentials were read by a voltmeter. The resistance of the dis- 
charge circuit was measured directly with a bridge. Stimuli of constant 
frequency were applied at approximately regular intervals, and the 
maximum deflection of the galvanometer was read. In constructing a 
strength-duration curve (log V—log RC) two or three readings were made 
for different voltages at each setting of the condenser, and the voltage for 
a given response (usually about half maximal) was obtained by inter- 
polation. To allow for progressive changes, if any, in the nerve, each 
series was repeated in the reverse direction and the mean taken. 

The rheobase could not usually be found, since constant current 
pulses, or even very long condenser discharges, were apt to lead to 
anomalous deflections, continuing to increase instead of reaching a 
~~ maximum. These we are inclined to attribute either to summation, or to 
repetitive response, or both. In the absence of a rheobase the chronaxie 
cannot be determined", so we have been content to record that part of the 
log V-log RC curve over which normal deflections were obtained, and, 
as a single index of the time factor in excitation, to read off from the 
curve the characteristic time for minimum energy. We realize that a 
curve of this kind is not necessarily invariable, so that it cannot strictly 
be defined by a single time parameter®: so far, however, as a single 
constant can define the time factor in excitation we believe that the time 
for minimum energy is at least as good as any other. The asymptotes of 
the curve (see Fig. 1) are at slopes 0 and 1 respectively: the slope at the 
minimum energy point is } [Rushton, 1931], and this point lies about in 
the middle of the curve and can be determined rather accurately. Since, 
however, a single quantity may not properly define the strength-duration 

1 Except indirectly as 0-694 x (time for minimum energy): see Hill (1935). 
8 Though in medullated nerve (see Hill 1935) s single constant seems to be sufficient. 
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curve, we have preferred, where possible, in describing the results, to 
give the whole curve as observed. 
It is possible to go to quite high frequencies (e.g. 100 per sec.) in 
stimulating this nerve. For the present purpose, however, low frequencies 


b | 
10-4 2 x10-# 4 x10-4 10-3 2x10-3 4x10-3 10-2 4x10-# 
Fig. 1. Strength-duration (log V—log RC) curves for repetitive electric excitation of the fin 
nerve of Sepia at about 20° C. (August and September, 1934). Nerve (1) at 1-4 shocks 
per sec. (25 p.c.) and at 80 shocks per sec. (10 p.c.); nerve (2) at 1-4 shocks per sec. 
(33 p.c.); nerve (3) at 21-5 shocks per sec. (40 p.c.), (The numbers p.c. in brackets 
indicate the response taken, as a fraction of maximum.) The curves for higher frequency 
cannot be continued to the right. The only curve for which a rheobase was approximately 
obtainable is No, 1 at 1-4 per sec., where the rheobase is the horizontal axis. The points 
of minimum energy (slope }) are given by the arrows: the corresponding times are shown 
in msec. The-final slopes of the curves are close to 45° C., the quantity of electricity 
required for excitation becoming constant. : 


had to be used. The strength-duration curve was wanted up to discharge 
times of 50 msec., and this prohibited the use of frequencies greater than 
about 3 per sec, At a high frequency only a restricted portion of the curve 
can be observed (see Fig. 1). 
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- (At the short-time end of the curve high voltages are required, If these 
are too high leaks will occur and spoil the results. We have avoided 


voltages greater than about 100. We were able, however, without risk, 


to go sufficiently far to the left to get on to the final straight part of the 
curve, 

The experimente were made at room temperature (about 20° C.); the nerves were in air 
(not oxygen). The circuit used for the experiment of Fig. 1 consisted of a 10,000 ohms 
shunt, 12,500 ohms in series with the nerve, nerve and electrodes about 2500 ohms. The 
discharge resistance R was about 6000 ohms (directly measured). For all other experiments 
the shunt was 10,000 ohms, the series registance 20,000 ohms and the total discharge 
resistance (directly measured) about 7000 ohms. No significant difference in the dis- 
charge resistance was found when the distance between, or the size of the electrodes, was 
altered. 

The results of four experiments (on three nerves) are given in Fig. 1. 
Two were at low frequency, and of these one (the lowest curve) was the 
only experiment in which an approximate determination of the rheobase 
could be made, Two were at high frequency, so were limited to shorter 
times. The characteristic time for minimum energy is given by the tangent 
of slope —4 and is indicated by an arrow and the value of RC in msec. 
on each curve. The final slope to the leftis nearly enough — 1, showing that, 
as in medullated nerve, the quantity of electricity required for excitation 
becomes constant at short times. This quantity can be calculated from 
the curves of Fig. 1; for the submaximal responses there considered it is 


about 2-5 x 10-* coulomb, through the nerve itself, per impulse. This is’ 


ten times the quantity required for a frog’s sciatic [Bugnard and Hill, 
1935 a, b], which, however, is of much smaller section, The chief part of 
the current, in the present case, must have been short-circuited through 
tissue spaces, and through the fibres of the mantle-connective nerve which 
pass to the ganglion and do not return to the fin nerve. 

The results of Fig, 1 were obtained with the nerve resting on the edges 
of strips of moist drawing-paper about 2 cm. apart, the cathode being 
nearer to the galvanometer. The next step was to see whether the 
distance between the electrodes had any effect on the strength-duration 
curve, The chamber was provided with four stimulating electrodes, £,, 
E,, E, and E,, E, (nearest to the galvanometer) being a fixed cathode, the 
anode being variable between the other three. At each capacity and 
voltage, observations were made for each electrode distance, and after a 
complete series in one direction another was made in the opposite direc- 
tion. In this way an exact comparison is possible. Of the three electrode 
distances, #,H,, H,E,, E,H,, the first, was as small as possible, 
while Eh, and E, E, were of the order of 1 and 2.cm. respectively, The 
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diameter of the nerve being of the order of 1-8 mm.!, there was no sense 
in making £, #, much less than that quantity, and moreover if EF, and F, 
were too close, fluid would collect between them and short-circuit the 
shocks. It was soon found that no difference at all could be detected 
between and E,, so in the later experiments two distances alone, 
the shortest and the longest, were compared. These two gave so nearly 
the same result that the difference has been tabulated and a mean result 
given in Fig. 2. 
Tastx I, Effect of inter-electrode distance on the log V-log RC relation. 
Sept. 10, #,#,=1-7 mm.: mean of £,Z, (13 mm.) and #,Z, (19 mm.). 6 shocks per 


sec. 
log RC 4515 4870 3165 356 3-855 3-32 
log V 1-500 1-295 1125 096 0-875 0-80 
log V(H,H,,2,E) 1-530 1316 1150 007 0880 078 


-0-030 -0-020 -0025 -001 -0005 +002 
Sept. 10. #,#,=1-3 mm.: mean of Z,#, (13 mm.) and £, HZ, (19 mm.). 6 shocks per 


sec. 
log RC 4515 4870 3165 356 3855 3-320 
log V 1415 1120 O71 0610 0-540 
log 1-380 1-085 0-855 0-66 0-540 0-465 


0035 0036 0046 005 0060 0-075 
Sept. 12. mm.; E,=20 mm.; 8-5 per sec. 


log RC 5s7 416 2515 4875 3165 3560 3855 3.32 

(H,E,) 186 1-52 1-260 1970 0875 0735 0-650 0-54 
1-89 154 1275 1-060 0-880 0-720 0-600 0-50 
Difference —004 -002 -0-015 +0010 -0005 +0015 +0050 +004 


Sept. 13. #,#,=2-0 mm.; #,4,=194 mm.; 3-7 per sec. 


RC 4515 4875 3166 3-560 3855 314 3-540 
E,) 1610 1300 1-105 0875 0-770 0-68 0-605 
V 1-595 1-200 1-060 0-805 0-705 068 0-510 


0015 0010 0045 0060 0065 0-10 0-095 


179 1495 1310 108 0-990 0-890 0-745 
180 1-490 105 0-915 0-835 0-725 
Difference —0-01 +0005 +0045 +003 +0016 -0005 +0-020 


Interpolating for the value 2-32 on September 13, the following mean 
differences can be calculated. 


RO 4515 2875 3165 3560 3-855 2-320 
erence log V -0-001 +0008 +0021 +0029 +0037 +0-050 


There clearly is a small difference between the far and the near 


V 
log V 


electrodes, the excitability being the same at short times, but greater for 
the distant electrodes at long times. The difference, however, is very small, 


Actually as it lay on an electrode its thickness was about 1:5 mm. 
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being only 12 p.c, (log 1-12=0-05) at a discharge time of 21 msec. It is 


probably to be associated with the fact that with electrodes close together — 


the current lines are very curved, and we shall show later that excitation 
by electrodes straight across the nerve has a comparatively large effect in 
the same sense. The mean curves for close and for distant electrodes are 
given in Fig. 2; the time for minimum energy is 2-5 msec. for the former, 
3 msec. for the latter. | | 


40r 
20 


4x10-4 10-3 2x10- 4 2x 10-2 
Fig. 2. Mean curves (log V~log RO) for excitation of Sepia fin nerve by 
close and by distant electrodes. 


The electrodes used in the experiments described so far were “linear,” 
_ 4.¢, the sharp edges (about 0-2 mm. wide) of filter- or drawing-paper, 
soaked in sea water. We next examined the effect of using a large flat 
electrode as cathode, In this case, in order to ensure a comparison un- 
influenced by any progressive alteration in the nerve, four series were made 
- in each experiment as follows, and the mean taken. 


Series 1 with decreasing capacities: linear electrode. 
Series 2 with increasing capacities: large electrode. 
Series 3. with decreasing capacities: large electrode. 
Series 4 with increasing capacities: linear electrode. 
Keeping £,£,=22 mm., E, the cathode was extended to of 
filter-paper soaked in sea water, where E was either towards, or away 


from, Hy. The nerve lay upon this wet pad. iidiensmeaum 
linear electrode was used at H, as cathode. 
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is on the log RO relation. 

Sept. 3. 6 shocks per sec. Large cathode 14 mm. along the nerve, symmetrically 
placed over Z,: compared with linear cathode at F,. 


log RO 4520 484 3170 347 3-77 315 3-45 
log Viarge 1826 158 1320 114 101 . O88 0-82 
log Viinear 1-675 143 1:18 101 087 0-76 0-68 
Difference 0160 016 0135 O18 O14 O12 0-14 


Sept, 10, 6-2 shocks per sec. Large cathode 13 mm. along the nerve away from £,. 


log RO 4-51 478 3000 3340 3-64 3-90 
log Viarge 1-27 104 0825 0646 050 0-42 
log Viinear 1:18 0:93 0-730 0540 0-41 0-33 


Difference 0009 0096 0105 0-09 
- Sept. 10, 6-2 shocks per sec. Large cathode 11 mm. towards Z,. 


5.22 
0-34 
0-25 
0-09 
log RC 4-51 478 306 334 3640 300 3-22 
log Viarge 1:22 100 080° 063 0495 0-40 
18 
0-15 
3-54 
0-49 
0-82 
—0-33 


Tastz Il. Effect of 


Jog V linear 1-06 0-84 0-62 0-41 0-310 0-25 
Difference 0-16 0-16 0-18 0-22 0-185 0-15 


Sept. 11, 8-5 shocks per sec. Large cathode 13 mm. towards X,. 


log RO 283 3165 «3-560 «3-855 «3-240 
log Viarge 141 1:19 0-955 0-780 0-680 0-580 
log Viinear 1:72. 1-48 1-255 1-055 0-950 0-885 


Difference -0:31 -0:20 -0:300 -0-275 -0-270 -0-305 


Results are given in Table II. There is clearly no difference at all, in 
the form of the curve, between large and small electrodes, the tabulated 
difference of log V remaining constant over the whole range. In the first 
experiment the large electrode required about 35 p.c. more voltage than 
the linear electrode throughout the whole range of times, in the second 
about 25 p.c. more; in the third 50 p.c. more; in the fourth 50 p.c. less. 
The variation in excitability may depend upon the actual point of impact 
of the current in the several cases: it does not disguise the fact that the 
time-factor in excitation is quite unaltered when the stimulating cathode 
changes from a line 0-2 mm. wide to a flat plate in contact with the nerve 
for more than 1 cm. The mean value of the characteristic time for 
minimum energy, read from curves drawn from the results of Table i, 
is 2°7 msec. for each. 

Lastly we come to the comparison of transverse 5 with longitudinal 
excitation. In exp. (1) (September 24), shown in Fig. 3, the electrodes 
were, for longitudinal excitation, the usual filter paper edges 23 mm. apart: 
for transverse excitation, anode, a filter paper edge, cathode, a drawing- 
paper point exactly opposite the anode. The discharge resistances directly 
measured were 7300 and 7750 ohms respectively. In exp. (2), Fig. 3 
(September 25, frequency 6-1 per sec.), the ee electrodes were 
- PH, LXXXxm. 
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filter-paper edges 22 mm. apart (R =7500 ohms); the transverse electrodes 
were two drawing-paper edges exactly opposite one another (R= 7400 
ohms). There is clearly a large difference between longitudinal and trans- 
verse excitation, the nerve being about four times as quick for the latter 
as for the former. This is not a matter of distance between electrodes, 
since we have already shown that that has little effect. At short times 


ax 10-4 x10-4 10-3? -4x10-3 x 10-2 
RC— 100 


100 


10 


2 


i 
10-4 4x10-4 10-3 2x10-3 4 10-2 4x 10-2 
Fig. 3. Comparison of transverse and longitudinal excitation of Sepia fin nerve. Exp. 1, 
fluid point cathode; Exp. 2, fluid linear cathode: in both cases immediately opposite 
fluid linear anode. Longitudinal excitation by linear fluid electrodes 23 mm. apart. 
Time for minimum energy shown by arrows. 


transverse excitation is more effective, at. long times, longitudinal 
excitation. In Fig. 2 the difference between close and distant electrodes 
is in the same sense as, but much smaller than, that between transverse 
and longitudinal excitation (Fig. 3); it seems likely that it is due to the 
fact that with near electrodes the current lines are so curved that an 
appreciable transverse effect occurs. 

It has long been known that with medullated nerve, transverse 
excitation is much less effective [see Rushton, 1927]. Rushton’s 
experiments were made with sae at current lines in a bath of — s 
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_ fluid; the present experiments with narrow linear or point electrodes 
placed opposite one another across the nerve. The conditions, therefore, 
are not the same. The curves in Fig. 3, however, are a warning against 
taking any fixed time and comparing excitabilities to transverse and longi- 
tudinal currents for that time alone. For a short time one result may be 


found, for a long time the opposite. It would be interesting, but un-— 


fortunately we had no time, to repeat the experiments of Fig. 3 with 
parallel current lines along and across the nerve, 

Which, if either, of the curves of Fig. 3 corresponds to that which 
would be obtained by using, as cathode, a silver wire coated with Ag(l 


100- 

40- 

20- 

RC 

4x1074 10-3 2x10-3 4x10-3 10-2 2x10-2 4x10-? 


Fig, 4, Response of muscle fibres causing colour change in Sepia. Solid circles and curve, 


log V—log RC relation for skin intact on animal: hollow circles, isolated skin. About 


17° C. 


thrust into the tissue is not certain. Possibly the latter would give a curve 
somewhere between the two, variable according to the position of the 
wire in relation to the tissue excited. | 
A few observations were made on the electric stimulation of the muscle 
fibres which extend the chromatophores of the animal’s skin. (For re- 
ferences see Fuchs, 1914; Parker, 1930.) Thecolourchange was recorded 
with a photo-cell connected to a galvanometer [see Hill and Solandt, 
1934]. Single condenser discharges were used, and a small constant 
response was taken as indicator of constant excitation. In Fig. 4 the mean 
results of four series on two different animals (decapitated and eviscerated) 
are given by solid circles. On one animal two series were made on the 
dorsal, one on the ventral side: on another animal one series was made on 
28—2 


» 
iy 
¢ 
» 
Pe, 
A. 


mM. L. BUGNARD AND A. V. HILL. 


the dorsal side. Calomel electrodes were used for stimulation, the cathode 
making contact with the skin by a cotton-wool wick soaked in sea water: 
the change of colour recorded was around the cathode. The total resist- 
ance was 13,500 ohms, 10,000 of this being a “grid leak” in series with 
the electrodes, no shunt being used. 

The curve of Fig. 4 is practically identical with the curves shite in 
previous figures for the fin nerve, being slightly to the right, perhaps 
owing to the fact that in these experiments (September 26) the tempera- 
- ture was rather lower (about 17° C.). It is probable that the nerve fibres 
running to the muscles of the chromatophores were in fact being stimula- 
ted, not the muscles themselves. Two series were made on strips of 
isolated dorsal skin extended on a cork. The mean result of these is given 
by the hollow circles. It is somewhat different from that for the skin still 
in place on the animal; perhaps in the isolated skin the muscle fibres 
themselves are being stimulated. Certainly if the skin be kept isolated 
for some time, more intense currents are required to excite it, which may 
be due to the death of injured nerve fibres and the consequent necessity 
of stimulating the muscle fibres directly, __ 

An attempt was made to find whether frequency of stimulation affects 
the time factor in excitation. The difficulty is that, although the nerve 
will respond to quite high frequencies, the significant portion of the 
strength-duration curve is at durations so long that a high frequency is 
impossible, It is necessary, for example, in order to get a proper idea of 
the curve, to go to discharge times of 20 msec.; this, however, prohibits 
a frequency of more than 10-20 per sec. If the intervals are diminished 
between shocks of such duration, anomalies are apt to occur, due perhaps 
to summation of stimuli. The result, so far as it is significant, is that no 
important difference is produced by varying the frequency. For example, 
in one experiment the characteristic time for minimum energy was: 
1-4 per sec., 2-5 msec.; 9-5 per sec., 2-65 msec.; 40 per sec., 2-9 msec. In 
another it was: 1-4 per sec., 2-8 msec.; 9-5 per sec., 3-3 msec. In view of 
the smallness of the effect, if any, of frequency, the matter was not 
followed up. 

The relation between total electric response and frequency is of ~ 
usual kind, with a maximum beyond 100 shocks per sec. 

The effect of potassium i ions was investigated, (a) in making the fin 
nerve inexcitable, (6) in decreasing the injury potential, and (c) on the 
strength-duration curve before the limit of inexcitability was reached. 


The results of (a) and (6) were similar to those of Cowan [1934], but it was 


necessary to soak the fin nerve for some time in the solution containing 
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an excess of potassium in order to obtain the full effect, This is pre- 
sumably due to the fact that the fin nerve, unlike the limb nerve of Maia, 
is surrounded by a firm connective tissue sheath, so that the ions can 
penetrate only by diffusion. As C o wan found, the effects are reversed on 
washing in normal sea water. 

‘The nerve, for the first 2 or 3 om. below the brain, in a large animal, 


~ - has no branches, and can be prepared without damage. The injury 


potential was measured in this region. The nerve was injured by es 
as directed by Cowan [1934, p. 232]. “. 

The maximum injury potential was about 20 mV. This was alia 
to 5-10 mV. on soaking in ten times the usnal potassium-ion concentra- 
tion; the initial value was largely, but not fully, recovered by soaking 


Fig. 5. Response of fresh rested fin nerve to short tetanus, Horizontally time: vertically 
action current (galvanometer deflection). 


in normal sea water. A correspondingly smaller reduction of injury 
potential was effected by soaking in a less concentrated potassium 
solution. The injury potential is smaller than Cowan found for Maia 
nerve (about one-half) ; the effect of potassium is also less. It may be that 
with the much more solid nerve of Sepia it is more difficult both to get 
the true value of the resting potential at the cell membrane and also to 
cause potassium-ions to permeate the trunk. 

Excitability disappears rapidly with five times the normal potassium- 
ion concentration; even with three times it disappears too fast to allow a 
strength-duration curve to be made, With twice the normal concentra- 
tion the excitability is diminished (greater voltage required for a given 
response) but a strength-duration curve could generally be made, The 
result was that doubling the potassium had no significant effect 
upon the time factor in excitation. 

Fatigue and after potentials. Like the limb nerve of Maia [Levin, 
1927; Furusawa, 1929] the fin nerve of Sepia is fatigable and shows 
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prolonged electrical after-effects of stimulation. In detail, however, there 
are considerable differences; the fin nerve is much less rapidly fatigued, 
and the after-effect of a few seconds’ stimulation is normally to increase, 
not to decrease, the injury potential. Prolonged stimulation (4 or 
5 min., say, at 10-20 shocks per sec.) reduces the response to a fraction of 


its initial value (e.g. to 1/4), and the injury potential considerably (e.g. to 


7/10). Both are restored by rest in air. 

The after-effect of a few seconds’ tetanus to a fresh nerve is sketched 
in Fig. 5. The deflection of the galvanometer is maintained to the end of 
the stimulus, or slightly decreases. Then a rapid movement occurs to the 
opposite side of the base line, to which return is slow. There is no “‘reten- 


tion of action current” [Levin, 1927] as in Maia nerve, but exactly the — 


opposite. These and similar effects could be better studied by the combined 
use of an oscillograph and a sensitive galvanometer, and we have not 
investigated them further. 


SuMMARY. 
1. Some of the differences observed, in respect of electric excitation, 


between striated muscle and medullated nerve might be attributed to the: 


myelin sheath of the latter, to nodes of Ranvier, etc. It was desirable, 
therefore, to examine the electric excitation of non-medullated nerve, 
where these do not exist. 

2. The fin nerve of the cuttlefish, which is entirely non-medullated, 
makes a very suitable preparation. Its action current was measured with 
a moving-coil galvanometer, in response to low-frequency repetitive 
stimulation. 

3. Forconstant response, the strength-duration (log V-log RC) curve 
is of the usual type, with an asymptote at short times at a slope of 1: 1, 
showing that there the quantity, not the energy, required for excitation, 
is constant. At 20° C. the characteristic time for excitation by minimum 
energy is 3-5 msec., about ten times that for the frog’s sciatic. | 

4. Distance between electrodes has little effect on the strength- 
duration curve within the range 1-5-20 mm. 

_ 5. Bize of stimulating cathode has no effect. 

6. Frequency of excitation has little or no effect. 

7. Transverse excitation with linear fluid electrodes has a large effect, 
giving a time factor which is only one-quarter of that for longitudinal 
excitation. 

8, Stimulating the skin with single discharges, and recording the 
colour change with photo-cell and galvanometer, one can make a strength- 
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duration curve for the response of the radial muscle fibres of the chromato- 
phores. The relation is almost identical with that for nerve: probably 
the nerve fibres are being excited. 

9. The injury potential of the fin nerve is about 20 mV. This can be 
reversibly reduced by soaking the nerve in sea water with a greater 
concentration of potassium ions, Increased potassium-ion concentration 
leads to reversible inexcitability, but, so long as the nerve remains in- 
excitable, to no change in the strength-duration curve. 

10. The nerve can be fatigued, and its i injury potential diminished, 
by prolonged stimulation. Recovery occurs in air. 


11. In the limb nerve of the crab, also non-medullated, the after- 


effect of a short stimulus is to reduce the injury potential: in the fin nerve 
of the cuttlefish, the first after-effect is to increase it considerably. — 


Similar experiments with the limb nerve of the spider crab were 
performed at Plymouth in August, before these by us in September, by 
Dr R. W. Gerard. We knew of his results, which will be reported later 
[see also Gerard, 1934], and are indebted to him, as we are to Dr W. A. H. 
Rushton, for much discussion. At Plymouth also, analogous experi- 
ments, with single shocks, were made by Rosenberg [1934 6] on Maia 
and on Sepia nerve; while Bogue and Rosenberg [1934] studied the 
electric response of both with an oscillograph: these results also will be 
reported in detail later. 


We are greatly indebted to Dr E. J. Allen, F.R.S., and his Staff, for their kindness and 
hospitality, and for the excellent facilities of the Marine Biological Laboratory at Plymouth. 
We wish also to express to Captain Lord and the crew of the 8.8. Salpa our appreciation 
way which, on this occasion as on many others, the needs of 


REFERENCES. 


Bogue, J. Y. and Rosenberg, H. (1934). J. Physiol. 83, 21 P. 
Bugnard, L. and Hill, A. V. (1934). Ibid. 88, 20 P. 
Bugnard, L. and Hill, A. V. (19354). Ibid. 88, 383. 
Bugnard, L. and Hill, A. V. (19355). Ibid. 88, 394. 

Cardot, H. (1914). C. R. Soc. Biol., Paris, 77, 276. 

Cardot, H. and Laugier, H. (1914). Ibid. 76, 539. 

Cowan, 8. L, (1934). Proc. Roy. Soc. B, 115, 216. 

Davis, H. (1923). J. Physiol. 57, 81 P. 

Fuchs, R. F. (1914). Winterstein’s Hand, vergl. Physiol. m1, Ist half, Pt. 1, pp. 1206-1285. 
Furusawa, K. (1929). J. Physiol. 67, 325. 

Gerard, R. W. (1984). Ibid, 83, 24 P. 

Grundfest, H. (1982). Ibid, 76, 95. 


4 
tte 
B 
| 
Ves 
ant 
ag 
5 
AS 
| 
y 
£ 
| 
| 
| 
| 
| : 
| 
bey, 
al 
4 
Ped 


438 L. BUGNARD AND A. V. HILL, 


Hill, A. V. (1984.4). J. Physiol, $2, 423. 

Hill, A. V. (1936). Ibid. 88, 30 P. : 
Hill, A. V. and Solandt, D. Y. (1934). Ibid. 83, 13 P. 
Lapicque, L. (1931). Zbid. 78, 219. 

Lapioque, L. (1934). Zbid, $1, 113. 

Levin, A. (1927). Ibid. 68, 113. 

Parker, G. H. (1930). Biol. Rev. 5, 59. 

Rosenberg, H. (1934 a). J. Physiol. 82, 20 P. 
Rosenberg, H. (1934 5). Ibid. 88, 23 P. 

Rushton, W. A. H. (1927). [bid, 68, 357. 

Rushton, W. A..H. (1931), Zbid. 72, 265. 
Rushton,.W. A. H. (1932 a). Ibid. 74, 231. 

Rushton, W. A. H. (1932 5). Ibid. 445. 

Scott, D. (1934). Ibid, 82, 321. 


Sereni, E. and Young, J. Z. (1932), Pubbl. Staz. zool. Napoli, 12, 173. : 


Watts, C. F. (1924). J. Physiol. 59, 143. | 
Young, J. Z. (1932). Quart. J. micr. Sci. '75, 1. 
Young, J. Z. (1934). J. Physiol. 88, 27 P. 


~~ 
‘ 
“Bel 
> 
‘lee: 
‘ 
‘ 
; 
ay 
© 
4 
9 
« 
. 
; 
raz 
4 
Bar 
“pe 
+ 
‘ 
it 
Re: 


612.813:612.816.7 


THE ACTION POTENTIALS IN MAIA NERVE BEFORE 
AND AFTER POISONING WITH VERATRINE © 
AND YOHIMBINE HYDROCHLORIDES. 


By L. BE. BAYLISS, 8. L. COWAN anp DONALD SCOTT, Jr. 
(From the Marine Biological Laboratory, Plymouth:) 
(Received October 20, 1934.) 


In a previous communication [Cowan, 1933] the effect of veratrine on 
the action potentials in nerve trunks from the walking legs of Maia 
squinado was described. Using a sensitive galvanometer of 3-8 sec. period, 
it was found that the initial deflection due to a single shock was increased 
about twentyfold, as compared with that in unpoisoned nerve trunks, and 
the resulting “retention” of action potential or “after negativity” was 
also greatly increased both in magnitude and duration, up to half an 
hour elapsing before the galvanometer spot returned to the base line. 
With the instrument available it was possible to study the course of the 
disappearance of the “retention,” but the question of whether the initial 
deflection is due to a repetitive response or to some alteration in the size 
or duration of the action potential wave, particularly the high voltage 
components, was left unanswered. Some experiments with a valve — 
amplifier and an oscillograph were begun primarily to settle this question, 
but they led us to investigate also the action potentials in unpoisoned 
nerves and in nerves poisoned with yohimbine hydrochloride. 

Tait and Gunn [1908] and Tait [1909] showed that yohimbine salts 
prolong both the absolutely and relatively refractory periods of medul- 
lated nerve, and Waller [1910], using a Thomson galvanometer of about 
1 see. period, showed that yohimbinized frog’s nerve when subjected to 
tetanic stimulation gave “‘a series of fugitive negative variations in which 
the positive after deflection was particularly evident.” We are not aware 
that any experiments have been done on the effect of yohimbine salts on 
the action potentials in non-medullated nerve; consequently in addition 
to making oscillographic records we studied the slower after-potentials 
with a sensitive Downing galvanometer. 
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APPARATUS, MATERIALS AND METHOD. 

(a) For the oscillographic records of the action potentials. | 
The nerve was suspended in moist air in a paraffin-wax chamber 
which was closed by a glass cover, and the action current was led off to 
a three-stage amplifier by electrodes consisting of platinum plates. A 
monophasic response was obtained by crushing the peripheral end of the 
nerve as it lay on the electrode and putting on it a drop of isotonic 
potassium chloride solution. A diagram of the nerve (Fig. 1) shows the 
dispositions of the leading-off electrodes and of the platinum-wire 

stimulating electrodes. | 


P M D 
amplifier 


ing electrodes. M, the medial stimulating electrodes, D, the distal stimulating 
electrodes, A, the region depolarized by isotonic potassium chloride solution. B, 


A resistance-capacity coupled amplifier was employed, the circuit of which is shown in 
Fig. 2. In the absence of proper equipment, we had to improvise an oscillograph from a 
moving-iron loud-speaker unit. This necessarily required a considerable amount of power in 
_ thelast stage of the amplifier, and, no adequate batteries being available, we decided to use the 
mains, The anode current for the power stage of an amplifier with long time constant cannot 
ordinarily be supplied from the mains, owing to the relatively high resistance of the recti- 
fying valve (and smoothing chokes, if used). The variations in the anode current resulting 
from the application of a signal to the grid bring about variations in the voltage supplied 
by the rectifier, and so introduce distortion. These variations cannot easily be eliminated by 
@ decoupling circuit, when the time constants of the interstage couplings are long. The use 
of a push-pull power stage, however, obviates this difficulty, since the total anode current 
is independent of the signal voltage applied to the grids, provided that the valves are 
adequately matched and correctly biassed. In this circuit, also, the standing anode current 
is not passed through the oscillograph; if this were done in our case, the oscillograph reed 
became magnetically saturated and, of course, behaved anomalously. Since a transformer 
cannot be used if a long time constant is desired, a paraphase circuit must be used to 
introduce the necessary phase displacement of the signal applied to the grid of one of the 
power valves, 

The anode current for the intermediate amplifying and paraphase stages may also be 
supplied from the mains, since the variations in the current taken by these stages is negli- 
gible compared with that taken by the power stage. A small mains ripple was at first 


ANSEL 
= 
wet 
‘ 
Pras 
¥ 
& 
rr 
td 
ag 
J 
Nerve 
xa 
um 
¥ 
| 
7 
ay 
3 
44 
: 
‘ 


ACTION POTENTIALS IN MAIA NERVE. 44] 


apparent in our oscillograph, when a 10,000 ohm resistance was connected across the input 
terminals; this was largely balanced out by choosing a suitable value for the anode resist- 
ance in the paraphase stage, a ripple with an amplitude of about 0-5 mm. (corresponding 
to 0-1 millivolt applied to the input terminals) being left in to serve as a time marker, The 
input to the two power valves was equalized by adjustment of the grid potentiometer 
which fed the paraphase valve, The anode current of the first amplifying stage was supplied 
by dry batteries not so much on account of the ripple introduced, as on account of the large 
and random fluctuation of the mains voltage. The filaments of all except the power valves _ 
were run off accumulators; the filaments of the second and paraphase stages could have 
been run off the mains without introducing ripple, but not that of the first stage. 

The amplifier was shielded by mounting all except the power stage on an earthed 
copper plate. The grids of the first and second valves and the electrode leading from the 
uninjured part of the nerve were all earthed. 


‘Fig. 2. A cirouit diagram of the amplifier. 


An Ormond moving-iron loud-speaker unit (resistance 1000 ohms) 
was adapted to serve as an oscillograph. The unit was dismantled and the 
- tod which was intended to serve as a connection between the loud- 
'_ speaker cone was removed and the reed filed down to about half its 

former thickness in order to increase the possible amplitude of move- 
ment, and the unit was re-assembled. On the reed as near as possible to 
the speech coil was mounted an ophthalmoscope lens of 1 m. focal length 
with its back surface silvered. As nearly as we could judge, the period of 
_ mechanical vibration of the moving part of this improvised oscillograph 
was about 0-3-0-5 msec. Calibration by condenser discharges indicated 
that the reed took about 0-5-1 msec. to reach the maximum deflection 
that we could use without overloading the power valves. Before the 
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oscillograph a vertical slit illuminated by a 6 volt 24 watt head-lamp bulb 
was so arranged that a sharp image was obtained at a distance of about 
4} m. The horizontal movements of this image were recorded on fast 
ciné bromide paper using a Cambridge falling-plate camera in the usual 
way. The overall sensitivity of the amplifier and oscillograph was about 
6-5 mm. per millivolt. Since the sensitivity of the oscillograph itself was 
about 0-45 mm. per volt, this indicated a total voltage amplification of 
about 14,500. 

The stimuli, usually single condenser discharges, were applied to the 
nerve at different distances from the peripheral end by three pairs of 
platinum wire electrodes (Fig. 1). The condenser which had a capacity of 
1-0 microfarad was charged to a potential of 20 volts, the shunt resistance 
had a value of 1500 ohms and the series resistance a value of 3000 ohms. 
_ We had intended to use optimal stimulation [Hill, 1932] and the strength 
of stimulus which we employed certainly would have been just maximal 
at 17° C. [Beresina and Feng, 1933], but a subsequent examination of 
our action current records has led us to conclude that it was not maximal 
at 12° C. The importance of this matter is discussed later. | 

At first the stimulator picked up a good deal of interference and con- 
veyed it to the amplifier causing the oscillograph mirror to vibrate. 
Presumably this was by virtue of some capacitative effect, since the 
wires of the lighting circuit of the room in which we worked were im- 
. perfectly shielded. The trouble was eliminated by enclosing the whole 
of the stimulating apparatus, except for the Morse key and necessary 
leads, in an earthed copper box. Since the leading-off electrode from the 
uninjured part of the nerve went to the earthed side of the amplifier 
input, it was necessary to insulate the apparatus from the box because, 
if this were not done, leakage from the stimulating circuit to earth pro- 
duced large artefacts on the records when the key was depressed. The use 
of a plate 1 cm. long as the earthed leading-off electrode also helped to 
prevent the stimulating currents from leaking down the nerve past this 
electrode and so reaching the “live” lead to the amplifier. However, we 
did not quite eliminate this stimulus escape because it served as a con- 
venient method of signalling the moment of application of the stimulus 
on the records which were made to determine the velocity of the nerve 
impulse, 

After these adjustments had been made the performance of the whole 
apparatus was examined. The time constant was determined from 
oscillograph records made when known small z.m.¥.’s of 1, 2 and 3 
millivolts were applied to the input terminals. The z.m.¥.’s were obtained 
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’ by opening a key short-circuiting part of a rotary potential divider in 
series with the 10,000 ohms across the amplifier. The mean value of the 
time constant was 0-15 sec. From these experiments, others in which a 
known steady E.M.F. was applied to the amplifier input for a short time, 
and records made when condensers of known capacities were discharged 
through known resistances we concluded that we should be justified in 
measuring the records of the action potential spikes to within about 
+0-1 mm. along the time axis and to + 0-5 mm. along the potential axis, 
i.e, to within +0-5 msec, and +0-10 millivolt, respectively; records of 
later events however would need either correction or comparison with 
controls. 

The nerves used were dissected by Levin’s [1927] method. After 
being allowed to rest for an hour in aerated sea water a nerve was 
mounted, a few drops of isotonic potassium chloride solution were put 
on the peripheral end to allow monophasic recording, and then a few test 
stimuli were given. After a further quarter of an hour to permit recovery 
from any effects of the mounting process a series of four or five records 
was made, and on the same piece of bromide paper one or two records 
were made when a known calibration £.M.¥. was thrown into the circuit 
by opening the key short-circuiting part of a rotary potential divider in 
series with the nerve. Two or three series of records having been taken, 
isotonic potassium chloride solution was dropped on to the nerve between 
the stimulating and leading-off electrodes in order to be certain that 
there were no physical artefacts other than the small amount of stimulus 
escape needed as a signal in the determinations of the velocity of the 
nerve impulse. 

The nerves, which were treated with veratrine or yohimbine hydro- 
chloride, were transferred at the end of the first half-hour’s washing in 
sea water to sea water to which had been added one of these substances 
in the desired concentration. In the veratrine solutions a concentration 
of 1 in 25 millions was used, and in the yohimbine solutions a concentra- 
tion of 1 in 20,000. After half an hour in one of these solutions the nerve 


was taken out, mounted, and isotonic potassium chloride solution drop- 


ped on the peripheral end. With the veratrinized nerves the test stimuli 
were omitted and recording was begun immediately and about 20 min. 
were allowed between each stimulus when full recovery was desired. 
Yohimbinized nerves were treated in the same way as normal nerves. 
Every nerve at the end of an experiment was blocked with isotonic 
potassium chloride solution and control records were made. 
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(b) For the study of the slow components of the action 
potential wave in yohimbinized nerve. 

For this work a Downing galvanometer of sensitivity 2:7 x 10- amp. 
at 3m. and period 0-67 sec. was used critically damped, and the move- 
ments of the image of an illuminated slit which was placed before the 
galvanometer mirror were recorded with the falling-plate camera. Time 
marks were obtained on the records by allowing a metronome to interrupt 
the light beam at 1 sec. intervals. The nerve was mounted in a paraffin- 
wax chamber and the monophasic action potentials were led off to the 
galvanometer through calomel half cells, the injury potential being partly 
balanced in a manner similar to that described elsewhere [Cowan, 1934]. 
Single shocks, which were given by a stimulator similar to that used for 
the oscillographic experiments, were applied by platinum wire electrodes, 
and since neither of the electrodes going to the galvanometer was earthed, 
it was possible to obviate all stimulus escape by interposing between the 
stimulating and action current electrodes a platinum wire connected to 
earth. | 

The nerves were prepared and treated in the way already described, 

A series of records of the action potentials in normal and yohimbinized 
nerves was made, each experiment being ended by blocking the nerve 
between the stimulating and leading-off electrodes with isotonic potas- 
sium chloride solution and making control records to detect artefacts. 


NORMAL NERVES. 
Results. 


Inspection of the oscillograph records (Pl. I, 1) shows that the time 
occupied by the high-voltage components of the action potential complex 
becomes greater (0-03-0-07 sec.) as the stimulating electrodes are moved 
to positions further from the leading-off electrodes, and it is fairly clear — 
that there are present at least two impulses which travel in the nerve 
trunk with different velocities. In order to evaluate the two principal 
velocities we proceeded in the following way. On each curve the distance 
between the signal mark, due to the stimulus, and the beginning of each 
deflection, due to an action current impulse, was measured, The time 
interval (¢) represented by this distance comprises the latent period (1) of 
the nerve plus the time taken by the impulse in question to travel with 
a velocity v, a distance s from the point of excitation to the more central 
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of the two leading-off electrodes. Thus, for a shock from the proximal 


stimulating electrodes, = (1+8,/v) sec. 


where s,=19 mm.; similarly for a shock from the medial electrodes — 
tn = (1+ 8,,/v) sec., 
where s,,=41 mm., and for the distal electrodes 


where s,=71 mm. Fae 


From the above equations it is possible to calculate v and l. Different 
values of the velocity of the faster impulse calculated by this method lay 
between 2-65 and 2-30 m. per sec. with a mean value of about 2-5 m. per 
sec. at 12°C, Owing to the relatively slow speed of the recording paper 
our records were not sufficiently good to permit the latent period of the 
nerve to be calculated with any accuracy from the above equations, but 
they suggest that the latent period was probably not greater than 0-5 
msec. The maximum spike voltages observed in different nerves ranged 
from 0-9 to 3-1 millivolts,and the usual value in a good preparation was 
2-8-3-0 millivolts. The duration of the rising phase of the spike was from 
3 to 5 msec. Because of the long duration of the “retention” or after- 
potential due to the fast impulse it was practically impossible to perceive 
in the records the beginning of the spike of the slower impulse. In many 
cases we attempted to get over this difficulty by measuring the interval 
from the signal marking the moment of stimulation to the attainment of 
the second peak, thus including the duration of the rising phase of the 
slower spike as well as the latent period of the nerve in each measurement 
and then in the calculation by the method already given these two were 
treated as a single term. The velocities of the slower impulse so found 
ranged from 0-75 to 1-20 m. per sec. and the mean value was about 
1-0 m. per sec. The spike voltages in different nerves lay between the 
limits of 0-5 and 2-8 millivolts, and the average nerve he good eons 
gave about 1-5 millivolts. 

If it is assumed that Lucas’s [1908] value of Q,)=1-79 for the tem- 
perature coefficient of the velocity of the nerve impulse holds for non- 
medullated nerve, then our result of 2-5 m. per sec. for the faster impulse 
in Maia nerve is in agreement with those reported at higher temperatures 
by Carlson [1906] who used nerve-muscle preparations from an American 
spider crab, probably at 22-25° C.; by Barnes [1930] who determined 
the velocities of motor impulses in Cancer pagurus with a Matthews’ 
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oscillograph; and by Monnier and Dubuisson [1931] who found a 
value of 5 m. per sec. when they examined in detail with a cathode-ray 
oscillograph the impulses set up by electrical stimulation of isolated 
nerve trunks from Callinectes sapidus Rathbun, at 22-23° C. If the same 
temperature coefficient applies to the slower impulse, then our value for 
Maia nerve is a little high compared with that found by Monnier and 
Dubuisson in their experiments at 22-23° C. (1-5 m. per sec.), but it is 
possible that the difference may be connected with the difference in the 
species of animals used. Similarly, and as would be expected at the lower 
temperature, the remaining quantities—the latent period (upper limit), 
the duration of the rising phase of the faster impulse, and the duration of 
the whole high voltage complex—are of the same order of magnitude, but 
greater than those reported by Monnier and Dubuisson, thus in- 
dicating that, although there may be minor differences in these quantities, 
due to difference in species, temperature is the main factor governing 
their size. 

Besides the other papers mentioned above there is a recent one by 
Lullies [1933] in which he has attempted to correlate the velocities of 
the impulses observed in nerve trunks from the Mediterranean variety 
of Maia with the anatomical structure of the nerve, ¢.g. diameter of 
fibres, and presence or absence of a medullary sheath. He was able to 
observe three different impulses in the nerve trunks and to relate these 
impulses to three different sets of fibres which could be distinguished on 
microscopic examination of cross-sections of the trunk. However, in the 
velocity measurements he used a string galvanometer with the relatively 
long period of 1 [70 sec. and in the light of the papers quoted and our own 
results with Maia nerve there seems little doubt that his values of about 
3-1 m. per sec. and 1-3 m. per sec. at 23-25° C. for the two faster impulses 
are rather low. 

~ Monnier and Dubuisson did not find the third slow impulse which 
Lullies observed, nor did we find it. Now, Monnier and Dubuisson’s, 
Lullies’s and our own results all have one striking feature in common— 
that is the small spike voltages observed. On the one hand, with induc- 
tion shocks for stimulation of the nerve trunks, Monnier and Dubuis- 
son in their experiments and Lullies in his, observed spike voltages of 
about 1 millivolt for the faster impulse and much inane ones for the 
slower impulse; on the other hand, with low voltage condenser stimuli 
of relatively long duration, we obtained spikes of about 3 millivolts for 
the faster impulse and about 1} millivolts for the slower impulse. Yet, 
none of these spike voltages is more than a small part of the injury poten- 
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tial (30 millivolts [Cowan, 1934]), whilst in frog’s medullated nerve the 
spike voltage from monophasic leads approaches closely to the injury 
potential [Rosenberg, 1927, 1929]). From the evidence given later in 
this paper in the section on veratrinized nerve and in an earlier paper 
[Cowan, 1933], there is no doubt that it is possible for the spike voltages 
to be very nearly equal to the injury potentials in Maia nerve; therefore 
we conclude that in these experiments our stimuli were not maximal, and — 
that there was a good deal of short circuiting by inactive fibres. We cannot 
say how effective our stimuli were, but obviously we failed to stimulate 
the slowest set of fibres, which according to Lullies may comprise up 
to one-third of the cross-section of a Maia nerve trunk. 


VERATRINE POISONED NERVES. 
Results. 


In Pl. I, 2, are the records of two typical responses from a vera- 
trinized nerve. In spite of the prolonged after-potential the spike due to 
the second impulse can still be perceived. The velocities of the two im- 
pulses (2°5 and 0-9 m. per sec.) and their spike voltages (2-7 and 2-1 
millivolts) do not differ from those observed in normal nerves, and the 
duration of the rising phase of the faster impulse is unchanged. 

From a first inspection of the records the after-potential appears 

immediately the maximum spike voltage has been attained and from 
- comparison with a control record, which indicates the correction neces- 
sary owing to the effect of the discharge of the coupling condensers of the 
amplifier, to continue at about the same level for at least 450 msec. 
- However, a closer examination shows that the records differ from the 
control in two respects. The first difference is more marked in the record 
of the response to a shock at the proximal stimulating electrodes: it is 
made clearer if the part of the record representing the after-potential is 
plotted with a more open scale of ordinates (Fig. 3), and if on the same 
_ figure the control curve is also plotted after having its ordinates multi- 
plied by a factor so as to make it start at the same point as the after- 
_ potential curve. The after-potential curve lies above the control, and at 


_ lasts for a further 100 msec. The second difference between the after- 
__. potential and control curves is seen in both of the responses—during the 
_ after-potential and superimposed upon it are small rapid potential waves. 
In order to test whether these were due to a repetitive response with 
_ partial fusion of the impulses, we made records of the response to a 
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second stimulus given within a few minutes of the first, and records of the 
response to tetanic stimulation. Pl. I, 3, shows the responses to two 
single shocks, the lower given within 6} min. of making record P of 
Pl. I, 2, and the upper about a minute later, i.c. whilst the nerve was 
showing a large “retention.” The spikes are indistinguishable from those 
given by normal nerve and the after-potential show practically no 


prolongation. After a further 20 min. had been allowed for recovery the 


25 125 225 325 425 525 
: Time in msec. 

_ Fig. 3. Part of a record (Pl. I, 2P) of the after-potential in a veratrinized nerve, plotted on 

an enlarged ordinate scale. The point at which the curve starts is marked by an arrow 

on the original record. The control starting at the same point shows the purely physical 

effect due to the discharge of the coupling condensers in the amplifier. 


nerve again gave a typical veratrine response, although the after- 
potential was not quite so well developed as in the earlier records. 
Pl. II, 4 is part of a record of the response given by an unpoisoned nerve 
to tetanic stimulation at a frequency of 25 per sec., and Pl. IT, 5, is part 
of a record of the response given by a veratrinized nerve to tetanization. 
After the first impulse there is little difference between the responses 
from normal and veratrinized nerve; certainly in veratrinized nerve th 

is no sign of fusion of the impulses. | 


Di 


Judging from the spike voltages, the amount of short-circuiting, due 
to our failure to stimulate the slowest group of fibres, must have been as 
great in the veratrinized nerves as in the normal nerves already discussed. 


However, the main result of our oscillographic study has been to show 
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that the characteristic response of veratrinized Maia nerve is not repeti- 
tive, but it is due to a greatly prolonged after-potential which appears 
immediately the maximum spike voltage has been attained, and con- 
tinues for at least 450 msec. These observations, when linked with the 
earlier galvanometric experiments of one of us [Cowan, 1933], lead to 
the conclusion that the after-potential, starting immediately after the 


attainment of the spike, may last for a total period of half an hour. In 


the galvanometric experiments at 17° C. the stimuli were maximal, and 
the “retentions” or after-potentials were usually nearly equal to the 
injury potentials (e.g. injury potential 27-4 millivolts and “retention”’ 
22-6 millivolts): these experiments are part of the evidence mentioned 
earlier that, had the stimuli been maximal in the oscillographic experi- 
ments, much larger spike voltages would have been obtained. 

Whilst in their essential points our results agree with Graham and 
Gasser’s [1931] oscillographic analysis of the action potentials in frog’s — 
medullated nerve incompletely poisoned with veratrine, with From- 
herz’s [1933] galvanometric experiments with frog’s nerve more com- 
pletely poisoned, and with Garten’s [1899] study, by means of the 
capillary electrometer, of the action potentials in the non-medullated 
olfactory nerve of the spike after poisoning with veratrine, they also 
illustrate how much slower the recovery process is in Maia nerve. 

Two further interesting points arise from our experiments. The first 
is the “hump” in the after-potential. Two explanations of this are pos- 
sible: it may be that veratrine lowers the stimulation threshold of the 
third group of fibres [Lullies, 1933] in the nerve trunk, allowing an 


__ impulse to be propagated with the low velocity of 0-13-0-10 m. per sec.; 


alternatively, the “hump” may be a delayed rising phase of the after- 
potential such as has been described by Graham and Gasser [1931; see 
also Gasser, 1934] in veratrinized frog nerve. Because of the long 
duration of the “hump” and the absence of any sign of a spike of a third - 
wave, we would reject the first possibility in favour of the second. In the 
records from unpoisoned nerves there is no clear evidence of a rising 
phase of the after-potential, but in view of the limitations of our ap- 


; - -paratus as compared with the cathode-ray oscillograph, this is not sur- 
_ prising. It is also interesting to note that the corrected capillary electro- 


meter records which Garten [1899, Pl. V] gives of the action potentials 


in the slow (conduction velocity 0-2 m. per sec. according to Nicolai, 


1901) non-medullated pike nerve after poisoning with veratrine show a 
distinct rising phase of the after-potential. The second point concerns the _ 


& rapid potential wavelets which we found superimposed on the after- 
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potential; they were not observed by Graham and Gasser [1931] in 
frog nerve nor were they usually observed in the pike olfactory nerve by 
Garten [1899], although one of his published records shows some 
oscillations. Similar wavelets in the electrical response of frog’s muscle 
have however been studied by Hoffmann [1912] who has shown that 
poisoning with weak doses of veratrine gives a prolonged response of an 
oscillatory character; whilé treatment with stronger doses gives a smooth 
non-oscillatory response [see also Lamm, 1911, 1912]. 


‘YOHIMBINE POISONED NERVES. 
_ (a) Results obtained with the amplifier and oscillograph. 

In Pl. II, 6, are given some typical records from yohimbine poisoned 
nerves, Again, two impulses can be distinguished. The velocity of the 
faster impulse, the duration of its rising phase and the spike voltage do not 
differ from those observed in unpoisoned nerve. Almost immediately the 
spike has attained its maximum voltage it is followed by a positive after- 
potential which develops a voltage up to two-thirds of that of the spike. 
In the records a descending £.M.¥F. can be seen to occur immediately after 
the spike maximum, but the rapid rate of decrease suggests that the 

ordinary negative after-potential, which is observed in unpoisoned nerve, 
is largely suppressed. Later and superimposed upon the positive after- 
potential is the spike of the second impulse, and this in its turn is suc- 
ceeded by another positive after-potential which reinforces that remain- 
ing from the first impulse. The second phase of after positivity lasts 

from 0-1 to 0-2 sec. 7 

Owing to the low solubility of yohimbine hydrochloride in sea water 
1 in 20,000 was the maximum concentration which we could use without 
increasing the acidity very considerably. Weaker solutions merely gave 
smaller positive after-potentials, without any other change in the shape 
of the response. 

_ Ina further experiment, after mounting a normal nerve in the usual 
way, we made a number of records.and then applied a solution of yoh- 
imbine hydrochloride in sea water in the neighbourhood of the leading-off 

electrode to the amplifier from the uninjured part of the nerve. After 

about 3 min. we were able to make records of the characteristic yohimbine 
response. 
(6) Results obtained with the Downing galvanometer. 


Pl. IL, 7, gives a record of the yohimbine response and Pl. II, 8, gives 
a record of the action current in an unpoisoned nerve for comparison. 
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The galvanometer was sufficiently rapid to record ballistically both the 
_ spike and the positive after-potential in yohimbinized nerve, and what is 
more important, it was possible to detect a low voltage negativity follow-. 
ing the positive after-potential. This small negative after-potential, which 
continued for more than 15 sec., was of about the same magnitude as the 
low-voltage component of the ordinary after-potential in unpoisoned 
nerve. 

We attempted to increase the size of the positive after-potential by 
tetanizing the poisoned nerve for half a minute before the test shock, but 
this produced no measurable effect on the galvanometer deflections. 

Waller’s [1910] experiments on frog nerve poisoned with yohimbine 
and our experiments on crab nerve, also poisoned with yohimbine, give 
us no reason to believe that the positive after-potentials observed differ 
from the smaller ones which have obtained in unpoisoned frog nerve. 
That we have been able to produce positive after-potentials by treating 
the nerve in the neighbourhood of the lead from the uninjured part with — 
yohimbine hydrochloride solution, indicates that these potentials are not 
due to activity in the depolarized region. The point is of interest in view 
of the controversy [for references see Gerard, 1932] which has been in 
progress, although recently Gasser [1934] has withdrawn his former 
opinion that such positive after-potentials in unpoisoned nerve were 
artefacts. 

The positive potentials which have been reported in unpoisoned frog 
nerve after single stimuli by Amberson and Downing [1929] seem to 
have been smaller than those which have been reported by other workers 
[Garten, 1910; Sochor, 1912; Woronzow, 1924] in unpoisoned frog 
_ nerve which had been subjected to tetanization. Woronzow noted this 

_ influence of tetanization in enhancing the positive after-potential, and 
suggested that it depends in some way on the fact that tetanization 
produces a negativity of a more stable kind than is produced by a single 
impulse. It seems to us that, according to Woronzow’s suggestion, the 
“retention” set up in Maia nerve by tetanization should be followed by 
an after-positivity much greater than that which can be obtained in frog 
nerve, But, as far as we are aware, positive after-potentials have never 
- been observed in Maia nerve. Levin [1927] looked for them, but could 
find them. 
ce After consideration of our own experiments on yohimbinized Maia 
herve we suggest a rather different explanation of the data mentioned 
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above. In our experiments the suppression of the negative after-potential 
was a very noticeable feature, and we were unable to increase the 
positive after-potentials in poisoned nerves by preliminary tetanization. 


Now tetanization of unpoisoned nerve at any reasonable frequency also 


means a partial suppression of the normal after-potential. This suppres- 
sion of the normal after-potential rather than previous negativity seems 
to favour the eerie of positive after-potentials. 


SuMMARY. 


1. An amplifier incorporating a paraphase-fed push-pull output stage 
is described; this could be driven from the a.c. supply mains without 
introducing appreciable distortion, so that a large high-tension mactery 
was unnecessary. 

2. In nerves from the walking legs of Mata squinado there are at least 
two sets of fibres in which impulses are conducted with very different 
velocities. At 12° C. the velocity of the faster impulse is about 2-5 m. = 
sec. and that of the slower impulse about 1-0 m. per sec. 

3. In Maia nerves poisoned with veratrine a prolonged after-poten- 
tial begins immediately after the spike maximum has been attained and 
gradually disappears in half an hour. A “hump” which appears in the 
records at about 125 msec. after the moment of stimulation probably 
indicates that veratrine produces a delayed and long-continued rising 
phase in the after-potential. 

4. The poisoning of Maia nerve with yohimbine hydrochloride 
causes the spike potential to be succeeded by positive after-potentials 
which may last up to 0-2 sec.. Since these positive potentials can be 
produced by treatment of the uninjured part of the nerve, they are not 

due to changes in the depolarized region. 


Two of us (S. L. C. and D. 8.) wish to offer our sincere thanks to Dr E. J. Allen and the 
members of the staff of the Marine Biological Laboratory, Plymouth, for the help and 
courtesies extended to us during our stay. We are iridebted to Prof. A. V. Hill for the loan 
of apparatus and one of us (8. L. C.) is further indebted to the Senate of the University of 
London for a grant from the Thomas Smythe Hughes and Beaverbrook Funds towards the 
cost of materials and to the Medical Research Council for a personal grant. 
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EXPLANATION OF PLATES | AND II. 


Prats I. 


1. Records of the action potentials in normal nerve. The letters P, M and D indicate that 
shocks were given at the peripheral, medial and distal stimulating electrodes. C, is a 
control made by applying an z.m.¥. of 1 millivolt to the amplifier with the nerve in 
circuit. 

2. Records of the action potentials in veratrinized nerve in response to stimuli at the 
proximal (P) and distal (D) electrodes. C is a control, 2 millivolts to the amplifier 
input, showing the course of the discharge of the coupling condensers of the amplifier. 
The arrow at 25 msec. in the record P indicates the point from which the enlarged 
curve, given in Fig. 3, begins. 

3. The action potentials given by the same nerve which was used for the above records (2), 

- but made whilst it was exhibiting a considerable “retention.” 
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Prats II. 


a frequency of 25 per sec. 

-5. Part of a record of the action potentials in a veratrine poisoned nerve, also during 
tetanization. 


6. The action potentials in a yohimbine poisoned nerve in response to single shocks at the 
peripheral (P), medial (M) and distal (D) stimulating electrodes. 

7. Two photographic records of the deflections of a Downing galvanometer produced by 
the action currents in yohimbine poisoned nerve in response to single shocks. The gaps 

are at 1 sec, intervals. 

8. Two records made under the same conditions as (7), but with an unpoisoned Maia 

nerve. The gaps are at 1 sec. intervals. 
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THE EFFECTS OF ACETYL-§-METHYL CHOLINE 
ON THE GASTRIC ACIDITY OF MONKEYS. 


" By JOHN H. FERGUSON anp ELIZABETH R. B. SMITH. 


(From the Department of Physiology, Yale University School of Medicine.) 
(Recewed November 2, 1934.) 


INTRODUCTION. 


Tuk effects of pilocarpine upon the test-meal acidity of the green monkey 
(Cercopithecus wthiops sabeus, Schwarz, or Lasiopyga callithriz, Elliot) 
have been previously described [Ferguson e al. 1932, 1934]. It was 
noted that the free acidity was completely abolished at the following 
threshold dosage (per kg.): (1) 0-2 mg. by lateral cerebral ventricle; 
(2) 2-0 mg. by femoral vein; and (3) 6-5 mg. subcutaneously. The total 
chlorides were unaffected. The pilocarpine effect was antagonistic to 
histamine and could be neutralized by atropine. In the present 
series of experiments exactly the same technique has been followed but 
another parasympathomimetic drug, namely, acetyl-S-methyl-choline- 
HCl (“ Mecholin,” Merck) has been used, the solution in sterile 0-85 p.c. 
saline being made up freshly for each injection. The test-meal was a 
neutral weak farina gruel free of chlorides. All analyses were made on 
filtered samples removed at 10-15 min. intervals and the results are 
recorded in milli-equivalents per litre of gastric sample (filtrate). 


RESULTS. | 
The data in Table I refer to a single animal (No. 27) which was studied 


s 4 intensively to determine the relative dosage and thresholds. The results 


may be regarded as typical since they were repeated, with less attention to 
the exact thresholds, on three other animals. A fifth monkey (No. 22) 
successfully underwent a complete subdiaphragmatic vagotomy during 
the course of the experiments (see Table II). The experimental findings 


are summarized in the following: | 
>. (1) Free gastric acidity, following the test-meal, was completely 
+ _ abolished if a sufficient dose of “mecholin” were given, the threshold 
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a being lowest by the intraventricular route and highest subcutaneously. 


With doses in the neighbourhood of the threshold it.was noted that the 


_anacidity was temporary, coming on in 5-10 min. after the injection and 


passing off again within 10-30 min., to be succeeded by a rather higher 
acid tide than usual. Subliminal doses tended to elevate the acidity 
above the usual level. Although apparently fixed for one animal, the 
threshold dose varied somewhat from monkey to monkey. Vagotomy 
(see Table IT) would appear to have slightly raised the intraventricular 
threshold for the anacidity effect. Atropine (see Table I, experiment of 
August 2, 1934), itself somewhat lessening secretion, successfully pre- 
vented the acetyl-choline effect with the doses quoted. 

(2) Total acidity ran parallel to the free acid curve. 

(3) Total chlorides, as in the pilocarpine experiments, were 
unaffected. 

(4) Mucus secretion was definitely increased (largely in the saliva), 
but bile was rarely encountered in the test samples, and an occasional 
blood tinge could always be related to local trauma. 

(5) The general effects of “mecholin” are well known and it will 
suffice to record that (a) the pulse was slowed for a long period ; (5) lachry- 
mation and salivation were pronounced ; (c) the pupils were constricted ; 
and (d) alimentary peristalsis was moderately stimulated. As compared 
with pilocarpine (i) cardiospasm was seldom evident on passing the 
stomach tube; (ii) numerous samples were usually obtained after the 
drug injection over a period comparable to the normal gastric emptying 
time; (iii) antiperistalsis was rarely evoked, to judge from the absence of 
retching, vomiting and bile in the test samples; (iv) defecation, though 
not infrequent, seldom reached diarrhoeal proportions; and (v) pupillary 
constriction was less marked than with pilocarpine. 

Intraventricular pituitrin. The last experiment in Table I is included 
to demonstrate the ineffectiveness of the posterior pituitary preparations 
which we have tried to date on three occasions in three different monkeys. 
The doses (per kg.) were: (1) 0-3 c.c. of “pituitrin” (surgical, Parke 
Davis), (2) 0-1 ¢.c., and (3) 0-3 c.c. of “ pitressin,” a standardized prepara- 
tion containing 10 pressor units and 1 oxytocic unit per c.c. The hot 
flushing described by Cushing [1932] in human experiments, was noted, 
but sweating did not supervene, and there was no gross salivation nor 
lachrymation. Defscation indicated a heightened peristalsis. There was. 
no characteristic pupillary response. 


a 
Noa 

| 

Bras 

4 

Mis 
q 

Wa 

5. 
“a 
72 
{ 
Bs 
i 
My 
AY 
a 
¥ 
‘ 

af 

4y 

4 wa 


458 J. H. FERGUSON AND B&. R. B. SMITH. 


CoNCLUSIONS. 


Pree nee choline, i in sufficient dosage, e.g. 3-5 mg. per kg. by 


lateral cerebral ventricle, 7-0 mg. intravenously, and 10-0 mg. sub- 
cutaneously, temporarily abolished the free acidity in the test-meal 
gastric contents of the green monkey. The total chlorides were not 
affected. As with pilocarpine, but much less strikingly, the intra- 
ventricular route had the lowest threshold. Vagotomy (1 case) slightly 
raised the intraventricular threshold, but to a degree that can hardly be 
considered significant. Atropine antagonized the anacidity effect of 
“‘mecholin” as with the other parasympathomimetic drug, pilocarpine. 
There was even less evidence than with pilocarpine that simple neutraliza- 
tion played any significant rdle in the production of the gastric anacidity. 
Preliminary experiments with posterior pituitary extracts have failed to 
demonstrate any anacidity response to the intraventricular injections 
tried. 


REFERENCES, 


Cushing, Harvey (1932). Papers relating to the Pituitary Body, Hypothalamus and 


Parasympathetic Nervous System. 
Ferguson, J. H. (1932). Proc. Soc. exp. Biol., N.Y., 30, 328, 
Ferguson, J. H. and Smith, E. R, B, (1934). Amer, J. Physiol. 100, 34. 
Ferguson, J. H., Smith, E. R, B, and McGavran, J. M. (1934). J. Physiol. 82, 1. 


>: 

a4 

aS 

4 

“BE 

4 

A 

¥ 

Ree 

hay 

a 

4 
Sey 

be 
= 
i 

¢ 

Bie, 

% 

% 
ay 

«sf 
x 

a 

ay 

wg 
if 
int 
‘ 

by 

4 


; 
4, 


612.288 612.133 


AFFERENT IMPULSES IN THE CAROTID SINUS 
NERVE (NERVE OF HERING) DURING 
ASPHYXIA AND ANOXZMIA. 


By J. YULE BOGUE ann G. STELLA. 
(From the Department of Physiology, University College, London.) 
(Received November 30, 1934.) 


“Tue reflex enhancement of respiration observed by Heymans, 


Bouckaert and Dautrebande [1930] when the blood in the carotid 
sinus was hypercapnic or anoxemic, makes it very probable that under 


such conditions, augmentor impulses pass up to the respiratory centres. 


Up to the present, however, in Hering’s nerve (whose section abolishes 
these reflexes) only impulses coming from the stretch receptors of the 
sinus have been definitely observed [Bronk, 1931; Bronk and Stella, 
19324, b; Heymans and Rijlant, 1933]. Afferent discharges which — 
could not be ascribed to the action of endosinual pressure and appeared 
in circumstances in which the augmentor impulses would have been ex- 
pected, were sometimes noticed. Thus Bronk [1931 (personal communi- 
cation)], while recording from the intact nerve of the rabbit, occasionally 
observed a discharge produced as the result of anoxzmia, which persisted 
after death of the animal, i.¢. when the systemic blood-pressure had 
dropped to zero. Recently He ymans and Rijlant [1933] also described 
an increased activity in Hering’s nerve during asphyxia of the rabbit, 
which they were unable to attribute to any difference in the blood- 
pressure. In neither case was any evidence given which excluded the 
possibility that these discharges were merely indicative of an irregular 
activity of the stretch receptors themselves, abnormally excited by the 
conditions of the blood. This objection is a very serious one, especially — 
in view of the work of Matthews [1933], who found that the stretch 
end-organs of mammalian muscle discharge spontaneously, often at a 
very high frequency as the result of occlusion of the circulation. He also 
observed that such a spontaneous discharge could be obtained in the 
decerebrate animal by occluding the trachea long enough for convulsions 
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to set in. Matthews is inclined to ascribe these results to lack of oxygen 
in the end-organs, and it will be seen that the conditions under which 
Bronk, Heymans and Rijlant observed the discharges referred to 
above might have been such that the stretch receptors of the carotid 
sinus were reacting in a similar manner. 

In spite of these previous observations, it was still quite Scatible 
that the augmentor impulses were not easily measurable. A hint of this 
possibility can be gathered from the work of Bronk and Stella [1932 a, 5] 
on the carotid sinus nerve of the rabbit, when all the single fibre prepara- 


tions studied happened to be of the stretch-receptor type. One of us 
(G. 8.) obtained similar findings in the case of the dog. The carotid sinus 


Fig. 1. Carotid sinus preparation of the dog, artificially perfused with acapnic blood. The 
nerve has been cut down to a few fibres, one of which gives well-measurable impulses. 


It shows the rhythm of the discharge in a single end-organ for ene eters 
of sustained intrasinual pressure. Time marker, 0-10 sec. 


was then removed from the animal and artificially perfused [Stella, 
1931]*. In severing most of the terminal subdivisions of the nerve of 
Hering the latter remained in connection with only a few end-organs of 
the sinus; such end-organs always happened to belong to the stretch 
type, 1.€. gave responses which were in direct relationship with the 
endosinual pressure, as shown in Fig. 1. The appearance or disappearance 
of impulses associated with alterations in the blood perfusing the sinus 
which was either acapnic or in equilibrium with 10 p.c. OO, in air, was 
therefore not observed. 

In view of the scanty and conflicting evidence we attempted to 


reinvestigate the question. A preliminary note has already been a 
[Bogue and Stella, 1934]. 


1 Unpublished experiments carried out at the Physiological SO ES Cambridge, 
during the tenure of the George Henry Lewes Studentship (1931), and under the super- 
vision of Prof. E. D, Adrian [see also Adrian, 1931}. 
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It follows from what has been said idee that the presence of fibres 
* in the nerve of Hering, connected with the stretch receptors, whose 
> behaviour in asphyxia and anoxemia is not clearly known, makes it very 
difficult to analyse and interpret any changes in the total activity of the 
nerve which might be recorded in an animal under such conditions 
(i.e. asphyxia and anoxemia). If, on the other hand, the stretch receptors 
_ could be disconnected from the nerve, without interfering with the inner- 
vation of the chemical receptors, the research would be greatly simplified. 
Heymans and Bouckaert [1932] verified the prediction of 

De Castro [1928] that chemical end-organs might be found in the 

carotid body. According to them the chemical sensitivity of the sinus 

is in fact due mainly, at any rate, to the carotid body. If this is the case, 
then section. of all the terminal branches of the nerve beyond the region 
of the carotid body should abolish most of, if not all, the impulses coming 
from pressure, and leave unaltered those elicited by the respiratory 
variations of the blood. Such experimental conditions were actually 
obtained in the present investigation. Cats were used under chloralose 

(0-085 g. per kg. intravenously), the carotid sinus was prepared, and the 

nerve of Hering freed from adherent tissue and cut centrally just below 

its junction with the glosso-pharyngeal. 
: By stripping the carotid at the bifurcation into internal and external, 

it was found that only one or two active fibres in the nerve were still 
- connected with the stretch receptors. It might have been possible to go 
still further and cut off the few remaining fibres, but this would have been 
at the risk of damaging the chemical receptors and possibly disturbing 
their blood supply. On the other hand, the results obtained when there 
was still the moderate discharge of one or two end-vrgans responding to 
pressure, seemed clear enough to allow us to dispense with more drastic 
a handling of the region. 

: The impulses were recorded in the usual way with a resistance- 
capacity amplifier and a Matthews’ oscillograph. The asphyxia was 
_ caused by discontinuing the artificial respiration on animals with the 
chest oper, or on animals deeply anzsthetized in which the breathing was 

poor, Acute anoxsemia was induced by inhalation of pure nitrogen. 


RESULTS. 


Aeiosiiilis and asphyxia were found to cause a didi which 
under extreme conditions became very considerable. Fig. 2 A shows 
an example of this discharge. The discharge from the stretch receptors 
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consisted of only a few impulses appearing in rhythmic groups, coinci- 
dent with the passive expansion of the sinus at each heart beat, 
as is also shown in Fig. 3A. The magnitude of the discharge and its 
character indicate that many fibres were active, and there is no doubt 
that the largest action potentials were due to several fibres firing nearly 
synchronously, Therefore the possibility that this activity recorded 
_ during asphyxia or anoxwmia might be due to an irregular activity of 
the sinus, is very improbable. 


Fig. 2. Afferent discharge in the carotid sinus nerve of a cat during acute anoxemia, The 
stretch receptors had all been denervated except one, whose discharge is not 
recognizable in the record. Time marker, 0-2 sec. : 


* 


Fig. 3. In A the cat is well ventilated and there is a small outburst of fast impulses coin- 
ciding with the expansion of the sinus at the systole of the heart. In B the artificial 
respiration had been discontinued (chest open) and the animal was asphyxiating. It 
shows a large discharge of slightly slower impulses, besides those caused by the heart 
beat. Time marker, 0-2 sec. 


The independence of the asphyxial discharge from the activity of 
those stretch receptors which were still connected with the nerve is still 
clearer when the discharges in Fig. 3 are examined, these having been 
recorded during an earlier stage of asphyxia. The fast impulses are seen 
in record A, and represent a systolic outburst from the stretch receptors, 
they are still recognizable in record B among a great number of new 
action potentials provoked by asphyxia. From Fig. 3 it appears that the 
impulses elicited by a have a slightly different oo from 
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those coming with an increase in the endosinual pressure; the former — 
appear to be slower. It is this difference in the appearance of the impulses 
caused by two different stimuli, namely, pressure and asphyxia, that 
makes it possible to follow the rhythm of those caused by pressure in 
record B. The difference is still more marked when listening to the loud- 
speaker, when the pressure impulses could be distinctly heard as sounds 
of higher pitch coming in groups at each cardiac systole, A still more 
marked difference in the two types of impulses can be seen in Fig. 4. 


Fig. 4. A, taken while the cat was well ventilated, shows only impulses coincident with 
the heart beat. B and C were taken after discontinuing the artificial respiration and 
while the asphyxial discharge was just beginning to develop. A fresh type of impulse 
is now appearing in no relation with the heart cycle. Time marker, 0-2 sec. 


In record A the animal is being well ventilated, under artificial respira- 
tion. 

Apart from a group of fast impulses which were coincident with each 
cardiac systole, there is no sure sign of any other measurable activity in 
the nerve. The artificial respiration was then discontinued, and as soon 
as the first signs of fresh activity were noticed record B was taken, and 
immediately afterwards record C. The impulses caused by asphyxia are 
definitely smaller and of longer duration than those from pressure. This 
same difference between the two types has been observed in all records 
in which the discharges were small. There is no doubt, however, when the 
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discharge is larger, that some of the impulses caused by asphyxia and 
by anoxemia are much bigger than those shown in Fig. 4, perhaps of the 
same order as those caused by pressure. — 

No definite difference could be found between the effect of asphyxia, 
as compared with that resulting from anoxemia, either at the onset or 
in the later stages. 

The character of the discharge during asphyxia and anoxemia is 
entirely unaffected by variations in the endosinual pressure. Partial 
obstruction as well as complete occlusion of the common carotid artery 
had also no appreciable effect. If the animal was killed (by cutting 
through the heart) while the “‘chemical” discharge was on, it continued 


for a long time without any noticeable modification. In two cases in — 


which observations were continued for 20-30 min. after death, it still 
continued practically undiminished. If, on the other hand, the animal 
was killed while being well ventilated, the first effect was simply a cessa- 
tion of the systolic groups of single impulses; then small impulses began 
to appear of the type shown in Fig. 1 B, C. These gradually increased in 
number until within 4-1 min. the discharge became about as = as 
that produced by acute anoxemia in the living animal. 


Discussion. 


With the above experimental conditions the possibility that the 


_ asphyxial discharges represented an irregular activity of the stretch 
receptors in the sense described by Matthews [1933] for the nerve- 
endings of mammalian muscle was definitely excluded. Moreover the 
peripheral ends of the cut fibres (from the stretch receptors) were, of 
course, superficially placed, practically in contact with air, and it seems 
difficult to believe that the asphyxia or lack of oxygen of the circulating 
blood might have caused them to give injury impulses [see Adrian, 
1930]. Besides, the dropping of warm Ringer on the preparation had no 
evident effect on the discharge. 

The impulses apparently originate in the carotid body, a fact which, 
when taken together with their appearance when the conditions of the 
blood were such as would have produced a more active respiration, point 
in favour of the assumption that they are the impulses responsible for 
the reflex increase of respiration found by Heymans, Bouckaert and 
Dautrebande [1930]. In the light of the present work, there seems to 
be little doubt that part, if not all the discharges observed by Bronk 
[1931], and by Heymans and Rijlant [1933] were actually of the same 
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nature as those observed here, as the authors had suggested. The absence 
of impulses on the other hand, other than those elicited by pressure in the 
single-fibre preparation by Bronk and Stella [1932<, 5), and by one of 
us in the dog (G. 8.), may be explained by assuming that, in the process — 


"of cutting down to a single fibre, the chemical receptors were denervated. 


SuMMARY. 


1. The afferent activity caused by some chemical respiratory con- 
ditions of the blood has been investigated in the nerve from the carotid 
sinus (nerve of Hering), after severing most of its connections to the 
end-organs sensitive to stretch. 

2. Asphyxia and anoxemia, cause the appearance of a fresh type of 
impulses. The significance of these impulses, 4.¢c. their relation to the 
reflex increase in respiration described by Heymans, Bouckaert and 
Dautrebande is discussed. 


3. The origin of these impulses is apparently in the carotid body. 


The expenses of this research were defrayed in part by the Royal Veterinary College 
(J. ¥. 5.) and in part by a grant from the Foulerton Reserve Fund of the Royal Society 
held by one of us (G. 8.). 


We are both grateful to Prof. C. Lovatt Evans for his help and for providing all the 
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INTENSITY DISCRIMINATION AND ITS RELATION 
TO THE ADAPTATION OF THE EYE. 


By W. D. WRIGHT. 
Department, Imperial College of Science and Technology.) 
(Received December 26, 1934.) 


INTRODUCTION. 


Wuen two similar beams of light fall on neighbouring parts of the retina 
they will produce a just noticeable difference in brightness sensation when 
their intensities differ by some magnitude AJ. A large number of investi- 
gations have shown that over a mean range of intensities the relation 
between AJ and the actual intensity J of one of the beams is of the form 


= = constant. 


At very low and very high intensities, this relation breaks down, but we 
shall be mainly concerned in this paper with the range of intensities 
within which the relation is true to a close approximation. 

_ The interpretation of the law has been along two main lines. In the 
first place, it has ‘been assumed to express a property of sensations in 
general, namely, that one sensation can just be distinguished from another 
_ when the difference in the nerve responses bears a constant ratio to the 
mean response. The second explanation has been on the lines that we can 
detect a constant increment in the response and that the receptor 
mechanism in the retina is such that, when the eye is subjected to a 
stimulus J, then the retinal processes are in such a state that it is neces- 
sary, in order to produce a given increase in the response along the optic 
nerve, to increase the stimulus by an amount AJ, such that AJ/I is 
constant. The distinction between the two explanations is that one 
ascribes to the phenomenon an origin in the brain or in our consciousness, 
while the other postulates that the seat of the process is in the receptor 
mechanism in the retina. The object of this paper is to describe some 


experiments that have been performed in an attempt to oomeee which 
of these views is correct. 
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THE ADAPTATION PROCESS. 


The retinal adaptation process is usually attributed to a photo- 
chemical action in which the light-sensitive substance is decomposed 
until the rate of decomposition is just balanced by the rate of regenera- 


* tion. Itis conceivable, though hardly probable, that the receptor process 


is not a photochemical action at all, in which case some other explanation 


‘for the adaptation process is called for. Alternatively, assuming the 


initial action is photochemical, there may still be another process, such 
as inhibition, which is in reality the major factor in determining the 
extent of retinal adaptation. 

It is unwise to be too dogmatic on a point of this nature, but it does 
seem to the author that, once the idea of an initial photochemical action 
is accepted, then there must inevitably be a very large degree of adapta- 
tion occurring from that source alone. This must follow since the process 
of adaptation will only cease when sufficient of the photochemical material 
has been decomposed to secure a balance between decomposition and 
regeneration. Then, unless the rate of regeneration is very rapid, and there 
is no evidence that it is, a large percentage decomposition must occur for 
a high intensity of stimulation, the response along the nerve fibres will 
be greatly diminished and a large degree of adaptation will thus have 
been produced. 

Moreover, the time relations correspond more to a chemical than to 
an inhibitory action. The recovery from a degree of light adaptation to a 
normal (not dark) state of adaptation takes 3 or 4 min., whereas the 
inhibition shown, for example, by Granit [1933] in his curves of retinal 
action potential, only lasts for a very short time. 

4n the assumption that adaptation is a photochemical process, two 
theories have been proposed, one due to Hecht [1929] and the other put 
forward recently by the author [1934], to show how such a process 
would explain the intensity discrimination function AZ/I. Obviously, 
since different values of the intensity I will produce different levels of 
adaptation, then, if the constancy of AJ/I is due to a retinal process, the 
adaptation mechanism will be very closely involved and will have to be 
reconciled with the intensity discrimination process. The two theories 
referred to have, in fact, both assumed that the discrimination function 
originates in the adaptation mechanism itself. Hecht postulates a 
bimolecular photochemical reaction in which a constant additional 
amount of photosensitive substance has to be decomposed to produce a 
just noticeable difference in intensity. Due to the process of adaptation 
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the additional light intensity required to produce the constant addition 
of decomposed light-sensitive material will vary with the actual in- 
tensity of the beam, and Hecht has developed the equations of his 
assumed photochemical reaction to find a close agreement between the 
theoretical and experimental function of J and AJ. This agreement 
apparently holds from very low to very high intensities, and over the 
complete range, the value of AJ/I, as is well known, is by no means con- 
stant, His theory provides an explanation of the variation of A//J, 
rather than of its constancy. 

The author, confining his attention to the more limited range of in- 
tensities within which AJ/I is approximately constant, obtained strong 
evidence from binocular adaptation measurements to show that when 
the eye became adapted to any given intensity, the response was reduced 
to an approximately constant level, and in addition, it was foutid that 
the instantaneous response was directly proportional to the intensity of 
the stimulus. These facts were therefore put forward as an explanation of 
the constancy of AZ/I. For if we indicate the constant response level by 
A and assume that a constant increase AA must be produced to give a 
just noticeable increase in sensation, then with an intensity J the in- 
stantaneous response will be equal to kI, say, but in the adapted. state the 
response will have to be reduced in the ratio A/kI to give the constant 
response level of A. The increase AJ, necessary to produce a just notice- 
able intensity difference, will, after adaptation, produce an increase of 
response, reduced by the same factor, which will be given by 3 


kAI x A/kI =AI x 
This will be equal to AA, thus giving 

Alx>=AA, 
and hence constant. 


This will hold over the range within which the eye adapts itself to a 
constant level. That was, in brief, the theory put forward by the author, 
though it is to be noticed that the suggestion followed the previous con- 
clusions that the eye adapts itself to an approximately constant response 
level and that the instantaneous response is proportional to the stimulus. 
These conclusions did not depend for their verification on the explanation 
of the intensity discrimination function. 

It is not the purpose of this paper to discuss the relative merits of 
these two explanations of the AJ/I function, for it will be shown that they 
are both wrong. The important point to notice is that they both imply 


4a 
ag 
Riz 
% 
Pe. 
= Ay 
Vy, 
A 
: 
ig 
4 
4, 
“a 
ray 
, 
Vie 
3 
4 
* 
4 
ES 
eo 
és 
WJ 
i 
4 
4 
a 
i 
Val 
| 
4 
4 
“A 
ing 
Pad we 
‘2 
: 


INTENSITY DISCRIMINATION AND ADAPTATION. 469 


that, under any condition of adaptation, it is necessary to decompose a 
fixed amount of photochemical substance in order to produce a just 
detectable intensity difference. This is certainly involved in the author’s 
theory and equally certainly maintained by Hecht [1929] who states 
“that in order to distinguish between an intensity I and a specifically dis- 
eriminable higher intensity (I +A), the added intensity AI must result 
in a constant increment in the amount of photochemical change in the 
underlying photosensory system’’. This statement was made with refer- 

ence to the animal Mya, but the same theory was taken to be directly 


applicable to man. 


While these two theories have been dealt with in particular, it must 
be apparent that any theory that places the origin of the constancy of 
AI/I in the adaptation mechanism, necessarily involves the initial 
assumption that the increase in stimulus necessary to produce a just 
noticeable difference in brightness will have to be sufficient to produce 


~  aconstant increase in the response from the retina to the brain. 


To test this conclusion it is necessary to measure the intensity dis- 
crimination in such a way that either the adaptation of the eye is kept in 


constant state or is controlled in a known manner. 


EXPERIMENTAL ARRANGEMENTS. 


The general nature of the experiment made to investigate this ques- 
tion was as follows: The eye was adapted to a fairly high intensity by 
gazing for 3 min. at a bright patch of light, and then this was momen- 
tarily removed to reveal a test field of lower intensity, divided into two 


- _ equal parts. One-half was of variable intensity and the experiment con- 


~— in adjusting the intensity difference between the two halves until 
a difference could just be detected by the eye. Provided the eye never 
left the adapting light for more than a second or so, the state of adapta- 
tion could be defined as that produced by the adapting light, and was 
thus unaffected by the test colour on which the observation was made. An 
experiment of this sort would thus secure the conditions demanded above. 

The apparatus used was the colorimeter designed by the author, 
suitably modified for this experiment. The detailed operation of this 
instrument has been described elsewhere [W right, 1928], and, so far as 
this experiment is concerned, it merely provided two beams of light, 
1 and 2 (Fig. 1), of the same selected wave-length, one of which (beam 2) 
could be set at any desired intensity, and the other (beam 1) could be 
varied in intensity continuously by the observer by means 8 of a calibrated 
photometer wedge. 
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The beams from the colorimeter were brought into the two halves of 
a simple bipartite field by means of the photometer prism P, the field 
being viewed by an eye placed at the focus of a lens 4. This focus 
corresponded to the exit-pupil # of the apparatus; The field was limited 
by a square aperture K, which was arranged to subtend approximately 
2° at the eye. A small square patch of light was thus seen at the fovea, 


divided horizontally into two equal parts illuminated respectively by — 


beams | and 2. | 
S 
F 
3 
2 


ELEVATION 
Fig. 1. 


The adapting radiation was obtained from an additional light source 
S (a 100 c.p. pointolite lamp was used) to give the beam 3, collimated 
by a lens L,. This was allowed to strike a mirror M which, when in posi- 
tion a, reflected the light into L,, and was brought to a focus at Z. When 
the mirror was in this position, the two beams from the colorimeter were 
cut out and the eye observed a circular field, limited by an aperture K,, 
having an angular subtense of about 5°. The intensity of the field could 
be varied by known amounts by means of a series of fixed aperture 
sectors at 7’, while a number of approximately neutral filters at F enabled 
the initial intensity level uf the series to be suitably chosen. 

The mirror M was mounted on a vertical spindle A (Fig. 2) which 
could rotate in a holder H. A string was wrapped round the spindle and 
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then led off to a pulley to hang vertically with a weight W at the end. 
This weight tended to pull the mirror round, but was prevented from so 
doing by a suitable stop Q. To the bottom of the spindle a lever V was 
attached and a string R was led from this to a position from which it 
could be conveniently pulled by the observer. When the string was slack, 
the mirror was held in position against the stop Q by the tension from the 
weight W. This position corresponded to the position a of the mirror in 
Fig. 1. When R was pulled by the observer, the mirror swung out of the 
way to position b (Fig. 1), and thus revealed the test colour in the photo- 
meter prism P, As soon as the string was released, the mirror returned 
automatically to position a. . 


mw 


2 


Fig. 2. 


We were thus provided with a means whereby the eye could be 
adapted to an intensity given by the intensity of beam 3 and then, while 
still in that condition of adaptation, the sensitivity to intensity differ- 
ences could be tested on any selected test colour. Observations could be 
made for varying intensities of adaptation and varying colour and in- 
tensities of the test patch. : 

The intensities used were measured with the colorimeter, using a 
Hefner lamp as a reference standard. The absolute intensities have no 
claim to a high degree of accuracy, but the experiments were arranged to 
depend mainly on the relative intensities in any given series of observa- 
tions, and these relative values were known accurately. The values have 
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been given as retinal intensities and expressed in photons, a photon being 
the intensity on the retina when a surface of one candle per square metre is 
viewed by an eye with a pupil area of 1 sq. mm. Allowance had to be made 
for the size of the exit-pupil #, which was circular and had a diameter of 
0-040 in. This, in addition, eliminated any effects of varying diameter of 
the iris that would otherwise have complicated the results. The colour 
of the adapting light was not known accurately, but it corresponded fairly 
closely to that of a radiation with a colour temperature of about 2500° K. 

The method of experiment was straightforward. After a short pre- 
liminary period of dark adaptation, the eye was directed to the adapting 
radiation for a period of 3 min. The test patch was then viewed momen- 
tarily to determine whether the intensity difference between the two 
halves was too small or too great to be a just noticeable difference, and 
then the mirror was returned to its normal position. The eye continued 
its adaptation for a short time, and at the same time the intensity differ- 
ence between the two halves of the test field was altered in the appropriate 


direction and then viewed again. After a few attempts the difference was — 


such that it could just be detected, and the value of beam 1 was recorded 
by a second experimenter. The experiment was repeated in the opposite 
direction, that is to say, if beam 1 was just brighter than beam 2 in the 
first experiment, then in the second experiment beam 2 was made just 
brighter than beam 1. The difference between the two values of beam 1 
then gave a value =2A/, from which AJ could be calculated. The whole 
observation was repeated three times for each intensity, and if the results 
varied over too large a range, a fourth measurement was made. 

It was known from previous adaptation experiments that no appre- 
ciable change in the adaptation balance occurred after a period of 3 min.., 
and thus, provided the initial 3 min. of light adaptation was allowed and 
that the eye did not leave the adaptation field to view the test colour for 
more than 1 or 2 sec., the eye was in a known steady state of adaptation 
when the observation was made. 3 

The limitation of the test field to a subtense of 2° confined the effect 
being measured to the fovea and to the cones. The adapting light had to 
be of somewhat greater subtense than the test field to ensure that the 
retina was adapted over the area used to view the test patch. This means 
that some activity in the rods may occur, but, even though the effect 
might extend into the fovea, its magnitude would be very small. Actually, 
the question of rod or cone vision hardly arises in the following discussion, 


although the results that have bean found’ can only be said to have been 
tested for cone vision. 
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0 10,000 30.000 40,000 

Fig. 3. Just noticeable difference, AZ, in test colour of intensity 1080 photons, 

wave-length 0-5825y, for varying intensity of adaptation. Value of AI before — 

adaptation = 68 photons. 


Al (photons) 
&8 S$ 8S 


10.000 30,000 40,000 

Adaptation (photons) 

Fig. 4, Just noticeable difference, AJ, in test colour of. intensity 550 photons, 
wave-length 0-53, for varying intensity of adaptation. Value of Al before 
adaptation = 52 photons. 


0 5,000 10,000 15,000 20,000 25,000 
Adaptation intensity (photons) 
Fig. 5. Just noticeable difference, Al, in test colour of intensity 250 photons, 


0 1,000 3,000 4,000 
Adaptation (photons) 


Fig. 6. Just noticeable difference, AJ, in test colour of intensity 6 photons, wave-length 
0-46 pu, for varying intensity of adaptation. Value of AJ before adaptation = 0-70 photons. 
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RESULTS. 


Two variations in the experiment were possible: one in which the 
intensity of adaptation was altered by known amounts, and the other 
in which the intensity of the test colour was varied, Both types of ob- 
servation were conducted and the former was repeated for four different 
test colours, a red at 0-65, a yellow at 0-5825y, a green at 0-53 and a 


blue at 0:46u. The results for these experiments are shown in Figs. 3-6. 


50. 


0 100 200. ~—«-300 400 500 600 
Intensity of test colour, J (photons) 


Fig. 7. Relation between J and AJ for test colour of wave-length 0-53, for a constant 
adaptation intensity of 10,000 photons. 


The intensity of the test colour is given in each case under the diagram. 
It will be seen that these varied considerably, and for the lower inten- 


sities, particularly for the blue, a much lower range of adaptation in-— 


tensities had to be used to avoid reducing the apparent intensity of the 
test colour to too low a value. The value of AJ obtained without any 
previous light adaptation is also given. 


In Fig. 7 the results are given for one experiment in which the in- 
tensity of test colour was the variable. 
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It is to be noted that in all the experiments the lowest adaptation 
intensity was higher than the intensity of the test colour and the range 
of intensities covered was very large. 

_ The accuracy of the observations was not very high, but the average 


value of AI finally obtained was probably reliable to within 10 or 15 p.c. 


in most cases. All the observations were made by the author. 


Discussion. 


It is seen at once that over a very wide range of adaptation intensities, 
AI remains very nearly constant for a constant value of J, and when J is 
varied, AI is proportional to J. Where any increase occurs, it is found 
when the adapting radiation is a hundred or more times brighter than 
the test colour and the apparent intensity of the test patch has become 


- very small indeed. In these circumstances the existence of a finite thres- 
hold value would inevitably tend to raise the value of AI. 


It can therefore be concluded that the constancy of AI/I, within the 


_. range for which constancy can be expected, is independent of the con- 


dition of adaptation of the eye. This completely destroys the foundation 
for both Hecht’s and the author’s explanation of the phenomenon as a 
retinal process, and so far as can be seen, would upset any theory that 
endeavoured to prove that the phenomenon originated in the adaptation 
mechanism. Such a theory must depend on the assumption that in a 
given state of adaptation a certain increase in energy of the stimulus is 
required to produce a given increase in nervous response and thence a 
given increment in sensation, and for a different state of adaptation a 
different increase in the stimulus would be necessary. This conclusion is 
quite definitely disproved by experiment. 

The theories we are testing have assumed the approximate constancy 
of AI/I to be due to the varying state of adaptation of the eye; whereas 
experiment shows that the same result is obtained when the adaptation 
of the eye is kept constant. We are therefore forced to the conclusion 
that the intensity discrimination function is not due to a retinal process 
at all, or at least that it is a post-adaptation process; that in the chain of 
events connecting stimulus and sensation the intensity discrimination 
process exists at a later stage than the adaptation mechanism. This is 
not, of course, a new suggestion, but the evidence given here provides a 


- confirmation that has hitherto been lacking. This conclusion is at least 


in line with the existence of a similar constancy of AJ/J in other sensory 
phenomena in which adaptation could hardly be used as an explanation. 
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One aspect of the conclusions should be pointed out. Hecht’s 
photochemical theory of vision depended, so far as the human eye was 
concerned, mainly on the agreement between the theoretical and experi- 
mental discrimination function. The experimental support for his theory 
has thus largely disappeared. 

With the author’s theory, evidence was obtained from adaptation 
experiments which showed that the instantaneous response was directly 
_ proportional to the stimulus, that the eye adapts itself to an approxi- 
mately constant response level and that this latter phenomenon is 
apparently due to the regeneration of a photochemical substance at a 
constant rate. It was then shown, inter alia, that this would explain the 
constancy of AJ/I as a retinal process. The results given here show that 
this corollary is wrong, but this does not invalidate the main conclusions 
which did not depend for their support on the evidence of the discrimina- 
tion function. | | 

There is, of course, very little difficulty in explaining the deviations 
of AI/I from constancy at high and low levels of illumination. At high 
intensities the receptor process itself undergoes striking changes, as 
illustrated in the author’s adaptation experiments, and in all prob- 
ability the initial reaction no longer has a linear relation to the stimulus. 


At low intensities the existence of a threshold of finite magnitude must 


necessarily involve a deviation from a constant value of AZ/I. 


SIMULTANEOUS CONTRAST. 


So far as the author is aware, the problem investigated in this paper 
has not been the subject of any previous direct experimental investiga- 
tion. A large amount of work has been done on the effect of a light sur- 
round field on the intensity discrimination, but this involves both a 
contrast effect as well as one due to adaptation. The results do not, 
therefore, lend themselves to such ready interpretation as in the present 
investigation, although in the initia] experiments the author used a high 
intensity surround field in an attempt to produce a state of adaptation 
that was independent of the test field. It was found, however, that the 
presence of simultaneous contrast confused the results. 

There is apparently a very marked difference in the mechanism re- 
sponsible for simultaneous and successive contrast. Successive contrast 
is quite definitely to a large extent an adaptation process and takes a 
considerable time, 3 or 4 min., to return to normal. On the other hand, 
simultaneous contrast seems to possess some of the characteristics of an 
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inhibition and the time of recovery back to normal on removal of the 
contrasting stimulus is very rapid. There is evidently room for an in- 
vestigation of the latter phenomenon on similar lines to that of the 
author’s investigation of adaptation by binocular colour matching. 

It may in this way be possible to relate more closely than has hitherto 
been the case the visual phenomena of adaptation and contrast with the 
direct measurements of the responses along the optic nerve as obtained 
by Adrian and Matthews, Granit, Hartline and others. : 


SumMMARY. 


In recent years two theories have been developed, one by Hecht and 
the other by the author, to explain the intensity discrimination function 
of the eye, as measured by A//I, as due to the photochemical adaptation 
process in the retina. Experiments are described in this paper in which 
the eye is adapted to a fairly high intensity and is then allowed to view 


5 - momentarily a bipartite test field of somewhat lower average brightness. 


— 


The just noticeable intensity difference in the latter field is determined 
with the eye adapted to various intensities and for test colours of various 
wave-lengths. In this way the adaptation is controlled in a known manner, 
and its effect, if any, on the intensity discrimination function determined. 
The results show that adaptation does not play any appreciable part in 
determining the magnitude of the just noticeable difference, and hence 
the two theories referred to above are both wrong. It is shown that the 
approximate constancy of AI/I over a mean range of intensities must be 
due to a post-adaptation gues m the chain of events connecting 


a stimulus and sensation. 


In conclusion, the author desires to thank Mr J. H. Nelson for his valuable assistance in 
constructing part of the apparatus and in recording the author’s observations, and to 
acknowledge with appreciation the continued financial assistance of the Medical Research 
Council in this series of investigations. 
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| THE ADRENALINE CONTENT OF THE SUPRARENAL 


GLANDS IN SCURVY AND IN INANITION. 


By WALTER DEUTSCH ann WALTER SCHLAPP. | 
(From the Department of Physiology, University of Manchester.) 


(Received December 29, 1934.) 


‘Tue diminution in the amount of ascorbic acid which has frequently been 
described in the suprarenal gland in scurvy has directed attention to the 
adrenaline content in the same condition, the occurrence of both sub- 
stances in the same gland suggesting a relationship between them. Thus, 
it is conceivable that ascorbic acid might be necessary for stabilization on 
account of its protective action when in a reduced state, with respect to 
the oxidation of adrenaline [Szent-Gyérgyi, 1928; Heard and Raper, 


1933]. v. Euler and Klussmann [1933] suggest, less definitely, that — 


there may be a close physiological relationship between the two sub- 
stances. 

It is well known that the suprarenal glands are usually found to be 
enlarged in scurvy, but McCarrison [1919], working on guinea-pigs 
dying of this disease, found that there was at the same time an absolute 
reduction in the amount of adrenaline present. Mouriquand and 
Leulier [1927], working with animals with a less severe degree of the 
condition, were unable to confirm McCarrison’s observation, though 
they described a diminution in the amount of adrenaline per gram of 
gland substance. This latter observation has been repeated in experiments 
described by v. Euler and Klussmann [1933]. 


ADRENALINE IN SCURVY. 


In our experiments young guinea-pigs weighing between 250 and 
500 g. were kept in separate cages in the laboratory on a standard diet 
made up of three parts of bran, twenty-seven parts of rolled oats and one 
and a half parts of dried egg yolk, to which was added 0-5 ml. of pure 
_ cod-liver oil per animal per day. There was, in addition, a daily allowance 
of 25 g. of fresh lettuce leaves for each animal, and abundant fresh water 
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was provided. The experimental animals were deprived of green food 
after a preliminary period of observation. In from 14 to 21 days, when 
they showed by loss of weight and by the other characteristic signs that 


_ scurvy had developed, the animals together with the normal controls 
were killed by a blow on the head, and the suprarenal glands were — 


dissected out. After the removal of as much of the adherent tissue as 
possible the pairs of glands were weighed, ground up in a mortar with 
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NORMAL INANITION 


“Fig. 1. 


; clean sand, and extracts were prepared according to the method described 


by Folin, Cannon and Denis [1913]. The adrenaline content of these 
extracts was estimated on the blood-pressure of decapitated cats. 
Solutions of adrenaline hydrochloride (Burroughs Wellcome “Soloid”’ 
brand) made up with 0-9 p.c. sodium chloride and the same quantities of 
hydrochloric acid and of sodium acetate as were contained in the gland 
extracts, were used as standards of comparison. The adrenaline content 
was expressed as y of adrenaline hydrochloride per gram of whole gland. 

The adrenaline content of the normal suprarenal gland was found to 
be from 250 to 320y adrenaline hydrochloride per gram. The figures for 
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six animals are graphically represented in Fig. 1. The values thus ob- 
tained are in sufficiently good agreement with 270y of Leulier and 
Gojon [1927] and 230y of McCarrison [1919]. 

«In a series of ten animals in which scurvy of varying degrees of 
severity had been induced, uniformly lower values were obtained, as may 
be seen in Fig. 1. In the majority of these animals the weights of the 


glands were found to be greater than would be expected in normal animals — 


of the same initial weight (Fig. 2). The increase is, however, in general 


of guinea-pig in g. 


Fig. 2. 


less than would account for the decreased adrenaline content per gram, 
so that there is an absolute diminution as has been previously shown by 
McCarrison 


But a comparison of the growth curves of the scorbutic animals with 
those of the controls.(Fig. 3), and a study of the general demeanour of the 
former, soon raises doubts as to whether this diminution can be regarded 
as characteristic of the scorbutic condition alone. For it becomes clear 
at once that the scorbutic animals are suffering to a considerable extent 
from inanition, while the controls are growing normally. Indeed, it can 
be seen from Fig. 1 that there is a close relationship between the per- 
centage loss of weight and the adrenaline content of the suprarenal 
gland. 

Though loss of weight is of course an indication of the severity of the 
scurvy, it was obviously of interest to study the effect of inanition, 
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produced by a reduction of the food supply, on the adrenaline content of 
the glands. For this purpose the average daily food consumption of six 
guinea-pigs was determined. While the full allowance of green food was 
maintained, the total food was reduced by an amount not exceeding 
50 p.c..for from 6 to 8 days, while adequate supplies of drinking water 
were provided. In this way it was possible to reproduce in the animals 
growth curves which closely resembled those seen in the less seriously 


500 


Weight of guinea-pig in g. 


affected scorbutic ones (Fig. 3). In spite of this they were in a better 
state of general health than the corresponding ones with scurvy. The 
results of adrenaline estimations in these partially starved animals are 
represented in Fig. 1. There is in every instance a reduction. While it . 
has not been possible to examine animals which have become moribund 
from lack of food it is evident that an important factor in the production 
of the reduced adrenaline content in scurvy must be the associated 
inanition. It is by no means without the bounds of possibility that this 
is the only factor. : 
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ASCORBIC ACID IN INANITION. 


In spite of the fact that the animals suffering from inanition were 
receiving @ full allowance of green food, it seemed worth while to make 
estimations of the ascorbic acid. content of their glands. The method used 
was that of microtitration of a solution of 2-6-dichlorophenol-indophenol 
with trichloroacetic acid extracts of the glands as has been described by 
Birch, Harris and Ray [1933]. The solution of the dye was standardized 
against pure ascorbic acid. In a series of eight partially starved animals 
the values obtained ranged from 1-8 to 2:4 mg. of ascorbic acid per gram 
of gland, and there was no significant difference between these figures and 
those obtained from normal controls. The amount of ascorbic acid present 
in the glands of animals which have been on a scorbutic diet for 14 days 
is given by Harris and Ray [1933] as 0-21 mg. per gram of gland. 

These experiments indicate therefore that a reduction in the adren- 
aline content can take place without there being a reduction in ascorbic 
acid. They do not support the view that there is a close physiological 
relationship between the two substances. 


SuMMARY. 


1. There is an absolute reduction in the adrenaline content of the 
suprarenal glands of guinea-pigs in scurvy. 
9. ‘There is a reduction in the adrenaline content of the suprarenal 
glands of guinea-pigs in inanition, and this must be an important factor 
in the reduction found in scorbutic animals, 
3. There is no significant change in the ascorbic acid content of the 
suprarenal glands in inanition when sufficient green food is given in the diet. 


4, There does not appear to be any close physiological relationship 
between ascorbic acid and adrenaline. 


These experiments were undertaken at the suggestion of Prof. H. S. Raper, to whom 
we wish to express our indebtedness for his continued interest and advice. The work has 
been made possible for one of us(W. D.) by grants from the Academic Assistance Council, and 
from the Rockefeller Foundation. 
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THE SYMPATHETIC DILATOR FIBRES IN THE 
MUSCLES OF THE CAT AND DOG. 


By EDITH BULBRING ann J. H. BURN. 


(From the Pharmacological Department, the College of the 
Pharmaceutical Society, London.) 


(Received December 20, 1934.) 


In an earlier communication one of us [Burn, 1932] has described the 
occurrence of vaso-dilatation in the perfused hind limbs of the dog when | 
the sympathetic chain is stimulated. Defibrinated blood was perfused 
by means of a Dale-Schuster pump [1928] through the abdominal 
aorta, and collected again for reoxygenation from the inferior vena cava. 
Under these conditions the tone in the vessels was very low, and stimula- 
tion of the sympathetic chain had little or no effect. When adrenaline 
was added at a constant rate to the venous reservoir, so that the tone in 
the vessels became higher, stimulation of the sympathetic chain then 
often produced a vaso-dilatation, more especially when a relatively 
strong stimulus was applied for a short time. In some experiments 
vaso-constriction was never observed. 

Since these results were published, further observations showed that 
vaso-dilator effects of the kind described were not seen in cats. This 
difference between the two species brought to mind a similar difference in 
their behaviour towards histamine. Dale and Richards [1918] were 
able to find conditions in which a vaso-dilatation could be observed to 
follow the injection of histamine in the perfused vessels of the cat, but 
this dilatation was much more difficult to evoke than in the dog, in 
which Burn and Dale [1926] found that histamine regularly caused 
vaso-dilatation. Moreover, both the dilator action of histamine in the 
perfused vessels of the cat and the dilator effect of sympathetic stimula- 
tion in the perfused vessels of the dog were most readily seen when 
adrenaline was added to the perfusion fluid. | 
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PERFUSION EXPERIMENTS. 


Experiments were therefore performed to see whether the two dilator 
effects were similarly affected by different conditions of tone. The dilator 
action of acetylcholine was examined at the same time, but it was 
expected that the action of this substance would be unaffected by different 
conditions of tone since it is readily displayed in the vessels of the cat 


perfused with Ringer’s solution. 


MeETHoD. 


The method of perfusion with the Dale-Schuster pump has already 
been described [see Burn, 1932]. The viscera were removed, and bleeding 
from the muscles of the body wall was prevented by mass ligatures. The 
arterial cannula, from a side tube in which the pressure was recorded, was 
inserted in the abdominal aorta just below the renal arteries, and the 
blood was collected from the vena cava at a similar level. 

When it was desired to raise the tone with adrenaline, a 1 in 40,000 
solution in saline was allowed to drop from a burette into the reservoir 
collecting the venous blood. This blood was pumped through the lungs 
and then again to the legs. A tone with pituitary extract was obtained by 
adding to the venous reservoir amounts equal to 5 units at intervals; for 
example, a total of 30 units might be added, the total blood in circulation 
being usually 600 c.c. 

: EXPERIMENTAL RESULTS. 
(a) Dilator effect of acetylcholine. 

The dilator action of histamine was found to be increased in those 
circumstances in which the dilator effect of sympathetic stimulation was 
increased; in this point the result agreed with what was expected; there 
was, however, a similar change in the dilator action of acetylcholine. 
Thus, when the dilator effect was examined in vessels in which the tone 
was maintained by pituitary extract and then later in the same vessels 
when the same degree of tone was maintained by adrenaline, the dilator 


effect of acetylcholine was greater in the presence of adrenaline (see 
Fig. 1). | 


(b) Cholinergic mechanism. 


In some of these experiments in which the hind limbs were re perfused, 
the skin was first removed. The dilator effects of sympathetic stimulation 
were even more easily seen than before; indeed a constrictor response of 
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Fig. 1. Record of the changes in perfusion pressure when the vessels of the hind limbs of 
a dog are perfused with defibrinated blood. On the left are the dilator effects of 5, 
histamine and of 2y acetylcholine when the tone was maintained with pituitary 
extract; on the right are the dilator effects of the same substances when the tone was 
maintained with adrenaline. 


Fig. 2. Perfusion of dog’s hind legs as in Fig. 1. a and 6 show the effect of stimulating the 
left sympathetic chain for 30 sec. and 5 sec. respectively. 12 mg. eserine was then added 
to the perfusing blood. ¢ and d show the much greater dilator effects obtained on 
stimulating for 5 sec. and 30 sec. 2 mg. atropine was then injected into the weenie. 
Stimulation (e) is then ineffective. At the top the outflow is recorded by Gaddum’s 
recorder. 
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the vessels was rarely observed. Sir ores Dale suggested to us at this 
point that we should examine the possibility that the dilator effect of 
sympathetic stimulation was produced in the muscles by the liberation 


of acetylcholine at the nerve endings; he thought that the fibres con- — 


cerned might belong to the class he has called “cholinergic” [Dale, 
1933}. 

Other perfusion experiments were therefore performed in which the 
response to stimulation was observed before and after the addition of 
eserine to the perfusing blood. A portion of the sympathetic chain of one 


side was enclosed in fluid electrodes of the pattern described by Brown | 


Fig. 3. Experiment as in Fig. 2, showing constrictor effects in skinned legs of stimulating 
the sympathetic chain for 20 sec. and 3 sec. respectively (a and b). 5 mg. eserine was 
then added, Stimulation for 20 sec, and 3 sec. (c) now caused dilatation. After 5 mg. 
atropine was given, the stimulation (d) produced a slight constriction. 


and Garry [1932] and break shocks at the rate of 16 per second were 
applied. In some experiments the venous outflow was recorded by means 
of Gaddum’s recorder [1929]. Fig. 2a and 6 shows the effect of stimula- 
tion for a long and a short period respectively, before the addition of 
eserine, As previously described [Burn, 1932] the stimulus when applied 
for a short time gives a simple dilator response, whereas the longer 
stimulus gives a response which is a mixture of dilatation and simul- 
taneous constriction. Eserine was then added to the perfusing blood in 
part: by way of the arterial cannula and in part by way of the venous 
reservoir, up to a total of 12 mg. Repetition of the short stimulation then 
gave a greater dilatation than before, while repetition of the long stimula- 
tion was followed by a large fall of blood-pressure instead of by the 
indefinite variation. The’ final portion of the (Fig. 2e) 
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_ illustrates the abolition of all dilator effect after the injection of 2 mg. 
_ atropine. In Fig. 3 is the record of another experiment in which the 
_ initial response to stimulation was constrictor, while after the addition 
of eserine the response was dilator. Both experiments make it clear that 
the dilator component of the response to sympathetic stimulation is 
magnified in the presence of eserine and subsequently abolished by 
(c) Eaperiments on the leech preparation. 


Since these results indicated that the dilator effect was due to the 
_ liberation of acetylcholine, attempts were made to obtain evidence of 
a the presence of this substance in the venous perfusate. The hind limbs 


Fig. 4. Leech preparation; the figure shows the effect of applying a sample of the venous _ 
_ perfusate coming from the hind limbs of a dog (after removal of the skin); a, without 
stimulation; c, during stimulation of the sympathetic chain. The contraction produced 

in ¢ is about equivalent to 1 in 500 millions acetylcholine (5). 


of a series of dogs were perfused with Ringer’s solution containing eserine 
in concentration 1 in 400,000 and ‘adrenaline 1 in 200,000. Samples of 
fluid coming from the cannula in the vena cava were then tested on the 
preparation of leech muscle described by Fiihner [1918] and modified 
by Minz [1932]. Each sample of 5 c.c. was transferred on withdrawal to 
a small graduated cylinder standing in a mixture of ice and salt, and 
2 c.c. of a 1 in 400,000 solution of eserine in distilled water was added. 
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The sample was thus kept until it was tested; before being tested it was 
rapidly warmed to room temperature. During the perfusion with Ringer’s 
solution it was still possible to observe a small dilator effect after stimu- 
lation of the lumbar sympathetic chain during the first 15-30 min. 
Samples taken when this dilator effect was seen were found to have a 
stimulant action on the leech muscle corresponding to concentrations of 


acetylcholine of from 1 in 500 to 1 in 100 millions. An example taken — 


from an experiment in which the skin was removed from the legs is 
given in Fig. 4. The amounts of acetylcholine thus detected were too 
small to verify by other tests. 


EXPERIMENTS ON ANZSTHETIZED DOGS. 


The relation of effects observed in blood vessels perfused by means of 
a mechanical pump to effects produced in the living body is quite un- 
certain, and it remained to discover whether dilator responses to sym- 
pathetic stimulation could be observed in the muscles of the anesthetized 
dog. Schneider [1934] has shown that when’the Thermostromuhr 
devised by Rein is applied to the femoral artery immediately below 
Poupart’s ligament, and the peripheral end of the sympathetic chain is 
stimulated, the rate of blood flow may rise from 69 to 180 c.c. per minute, 
from which he concludes that vaso-dilator fibres run in the sympathetic 
chain to the hind limbs. Our own observations were made on dogs 
prepared by injecting pernocton (a derivative of barbituric acid) into 
the muscles using a dose of 0-5 c.c. per kg. as recommended by Rein 
and Schneider [1934]. The dogs were eviscerated, and a plethysmograph 
was applied to one leg after removing the skin together with the foot, 
which was disarticulated at the lower end of the tibia. The plethysmo- 
graph was of the pattern described by Ranson and Wightman [1922] 
consisting of a metal outer case, oval in cross-section, and tapered 
towards one end. A rubber stocking to fit the leg of the dog is fastened 


over the larger open end. The stocking is fitted over the leg, and the 


space between the stocking and the metal case is filled with warm water. 


In our experience this pattern of plethysmograph is easy to apply, and 
gives good records when attached to a piston recorder. 


(a) Observations after injection of eserine. 
The results of the application of stimuli to the sympathetic chain are 


conveniently shown in Fig. 5. A stimulus lasting 10 sec., and also a 
stronger stimulus for 3 sec., both caused constriction in the muscles, 
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though that produced by the short stimulus was very slight. Eserine 


was then injected intravenously in a series of small doses to a total of 


0-8 mg., and the stimuli were repeated about 10 min. after the last 
injection of eserine. The short stimuli now produced vaso-dilatation 
accompanied by a fall in the blood-pressure, while the weaker stimulus 


Fig. 5. Dog anesthetized with pernocton. Upper record is volume of left hind limb (skin 
removed). Downstroke is constriction. a and b show constriction when sympathetic 
chain was stimulated. 0-8 mg. eserine was then injected. c and d show the dilator 
effect of stimulating for 3 sec. e shows the constrictor effect of a longer stimulus 
though less than in a. 


applied for a longer time still produced vaso-constriction. The total dose 
of eserine in different experiments varied from 0-1 to 0-3 mg. per kg. 


The effect of injecting atropine is shown in Fig. 6, in which it is seen that 
the dilator response produced by stimulation for 3 sec. with the secondary 


coil at 9 cm. in the presence of eserine was replaced by a constrictor 
response; the constrictor response after atropine, it may be noted, was 


' greater than the constrictor response seen in Fig. 5 before eserine was 


injected. 
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Fig. 6. Same experiment as Fig. 5, The dilator effect in f is converted by the injection of 
atropine into a constrictor effect g, which is now a greater constriction than was 


observed in 6, Similarly the constrictor effect h is greater than that in e, and about 
the same as a. a 


(b) Observations after the injection of ergotoxine. 3 

‘This vaso-dilatation revealed by eserine, evidently cholinergic, at 
once suggested that the dilatation obtained after the injection of ergo- 
toxine should be examined. We are unaware whether it has previously 
been shown that stimulation of the sympathetic chain after the injection 
of ergotoxine is followed by vaso-dilatation in the muscles of the dog, 
but actually we have found that it is very readily observed either in the 
spinal dog or in the dog anzsthetized with pernocton. Much larger doses 
__ of ergotoxine are necessary to produce the reversal of the pressor effect 
of adrenaline than in the cat in which 0-5 mg. per kg. is usually enough. 
A dose from 1-0 to 5-0 mg. per kg. is needed in the dog, but the vaso- 
dilator effect of sympathetic stimulation is seen after 0-5-1-0 mg. per kg. 
In a series of experiments the results were uniform and indicated that 
the dilatation produced after ergotoxine by sympathetic stimulation was 
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cholinergic. Fig. 7 shows the dilatation obtained by stimulation after 
9-0 mg. ergotoxine; this was increased after the injection of 0-4 mg. 
eserine and still further increased by 0-2 mg. in addition. The injection 
of atropine abolished the dilator effect. 


SYMPATHETIC VASO-DILATORS 


Fig. 7. Dog anesthetized with pernocton. Upper tracing is volume of skinned leg. a shows 
constriction produced by stimulation of sympathetic chain; 6 shows dilatation after 
34 mg. ergotoxine, and c the increased dilatation after 0-9 mg. eserine. d shows the 
abolition of the dilator effect by atropine. 


(c) Adrenaline vaso-dilatation. 

Fig. 8 illustrates the observation that although atropine abolishes 
the dilatation produced after ergotoxine by stimulation of the chain, it 
does not affect in any way the dilatation produced by adrenaline. In this 
experiment a total of 50 mg. ergotoxine was injected to produce the full 
adrenaline reversal on a dog of 10 kg. , 
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In addition to the vaso-dilatation produced by adrenaline after 
ergotoxine, there is also the vaso-dilatation produced by small doses of 
adrenaline in dogs anwsthetized with ether. We examined this vaso- 
dilator effect in a dog prepared by section of the sciatic and anterior 


Fig. 8. Fig. 9. 


Fig. 8. Dilator effects after 48 mg. ergotoxine; a due to stimulation, b to 15y adrenaline. 
2-0 mg. 
dilatation, but adrenaline (d) does so as before. 


Mg. 9. Dilator effects in dog anesthetized with ether; vagi cut. Upper tracing is volume 
of fully denervated leg after removal of skin. a shows dilator effect before and b shows 
the same effect after 2-0 mg. atropine. 


crural nerves of one side. The nerve sections were carried out three days 
before with full aseptic precautions. The dog was anesthetized with 
ether, the vagi were cut, and a plethysmograph record of the leg of the 
operated side was taken after removal of the skin. When 2y adrenaline 
was injected intravenously there was a prompt expansion of the limb 
volume accompanied by a fall of blood-pressure. This vaso-dilator action 
was completely unaffected by the injection of atropine as shown in Fig. 9. 
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(d) Vaso-dilatation after the infusion of adrenaline. 
_The vaso-dilator effect of sympathetic stimulation had been obtained so 
far only by the use of eserine and ergotoxine which are not normal con- 


stituents of body fluids. In the perfused preparation, the addition of 
adrenaline had revealed vaso-dilatation, and we therefore carried out 


Fig. 10. Dog, pernocton. Volume of skinned limb. a, constrictor effect of stimulation of 

sympathetic chain; 6, dilator effect of the same stimulation during the infusion of 

adrenaline into a vein; c, increased dilator effect after 0-6 mg. eserine; d, scaanonhal 
dilator effect after 4 mg. atropine. 


experiments to see whether adrenaline had the same action in the 
anesthetized animal. Having prepared the eviscerated animal as before, 
we proceeded to infuse into the external jugular vein a 1 in 100,000 
solution of adrenaline. We found, as is shown in Fig. 10, that: @ con- 
strictor response obtained in the muscles before the infusion began, 
became afterwards a dilator response. Here also the dilatation was 
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greater after the injection of eserine, and as a rule it was abolished 
by atropine. The effect of atropine was not however so regular and 


so decisive as in previous experiments in which eserine or ergotoxine ~ 


were used; in one experiment the injection of 2-0 mg. atropine did not 
affect the dilator response, though the subsequent injection of 6-0 mg. 
greatly reduced it. 


Fig. 11. Dog, pernocton. Volume of skinned limb. a and 6, constrictor effect of short and 
long stimulation of sympathetic chain during infusion of pituitary extract; o, dilator 
stimulation during infusion of adrenaline. 


(e) The infusion of pituitary extract. 

The action of adrenaline in converting the constrictor response to 
stimulation into a dilator response seemed most simply explained by 
supposing that adrenaline produced constriction in the vessels, In con- 
stricted vessels the effect of simultaneous stimulation of constrictor and 
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a : | dilator fibres would be to produce dilatation rather than constriction. 


We hoped to be able to test this point by infusing pituitary extract in- 
stead of adrenaline. The solution of pituitary extract contained 0-4 unit 
per c.c. We found that the effect differed in different experiments; in 


> one the constrictor response to stimulation was converted to a dilator 


response, though the dilatation obtained was not so great as when the 
tone was subsequently maintained by adrenaline. In a second experi- 
ment the result of increasing the tone with pituitary extract was that 
sympathetic stimulation produced mainly constriction, though once 
when the tone had fallen and the chain had not recently been stimulated, 
a dilator effect was seen; subsequently a dilator effect was regularly 
obtained with an adrenaline tone. In a third experiment, dilatation was 
not obtained during the pituitary tone. Thus it is difficult to give a simple 
answer to the question whether adrenaline causes the dilator response to 


ie. appear by constricting the arteries and in no other way. We are of 


opinion that adrenaline has some specific effect not shared by pituitary 
extract, of which the record given in Fig. 11 is an illustration. 


EFFECTS IN THE OAT. 
As was mentioned earlier, dilator effects following sympathetic 


- stimulation have never been observed in experiments in which the hind 


limbs of the cat Were perfused by the Dale-Schuster pump. Having 
discovered that the dilator effects in the dog were due to the liberation 
of acetylcholine, we were reminded of one condition in which the muscles 
of the hind limbs of the cat are known to become sensitive to that sub- 


~ stance, namely after section of the motor and sensory roots between the 


posterior root ganglia and the spinal cord. Sherrington [1894] showed 
that, two to three weeks after the operation is performed, stimulation 
of the peroneal nerve causes contracture of the muscles. Hinsey and 
Cutting [1933] have recently stated that this contracture is due to the 
stimulation of the sympathetic fibres in the trunk, since they found that 


: ’ stimulation of the grey rami produced the phenomenon. Now if the 
' phenomenon is due to the liberation of acetylcholine and produced by 


stimulating sympathetic fibres, we thought it might be possible to observe 
vaso-dilatation in muscles sensitized in the manner described. We 
prepared a series of cats by dividing the spinal roots on one side from the 
fifth lumbar to the second sacral root inclusive. Three weeks after the 
operation the cat was prepared for perfusion through the abdominal 


© aorta, and the gastrocnemius muscle of the operated side was detached 
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from the os calcis and arranged to pull on a tension lever. A steel rod 
transfixed the lower end of the femur to hold the leg rigid. The muscle 
was now found to be sensitive to the injection of acetylcholine, and to 


Fig. 12. Perfusion of hind limbs of cat through abdominal aorta. One hind limb dener- 
vated 3 weeks previously by section of fifth, sixth, seventh lumbar, and first and 
second sacral roots. Upper record is tension of gastrocnemius of denervated limb. 
Stimulation of sympathetic chain caused vaso-constriction but no effect on tension. 
Injection 4y acetylcholine in b and ¢ causes increased tension and vaso-dilatation. 
Between 6 and c 1 mg. eserine was injected. 


respond by contracture as shown in Fig. 12, but stimulation of the 
lumbar sympathetic chain produced only vaso-constriction. The dose of 
acetylcholine injected in Fig. 12 was 4. This is, of course, large, but it is 
to be remembered that a steady concentration of adrenaline was present 
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in the perfusing blood. After addition of eserine, the injection of acetyl- 

choline was followed by a prolonged development of tension, as shown in 

the figure. 
2 Experiments with eserine and ergotoxine. 

_ We have attempted to produce a dilator response in the leg muscles 
to sympathetic stimulation by injecting eserine into the cat anesthetized 
with pernocton. We found, however, that the constrictor response was 
not affected either by the eserine or by the subsequent injection of 


Fig. 13. cis Fig. 14. 
Fig. 13. Dilator effect of sympathetic stimulation in muscles of spinal cat after injection 
of ergotoxine. 6, after eserine; c, after atropine. The injection of these drugs had no 
effect, 


Fig. 14. a, constrictor effect of sympathetic stimulation in muscles of cat (pernocton). 
b, unusual result of stimulation during the infusion of adrenaline and after the injection 
of 1-2 mg. eserine; when the stimulation ceased a slight dilator effect was seen; c, a 
repetition of 6 with less dilatation; d, after 2-0 mg. atropine no dilatation. 


atropine. Similarly we have examined the dilator response obtained 
when ergotoxine is injected, but again this dilatation is not increased by 
eserine or reduced by atropine. The difference between the cat and the 
dog in this respect is well shown by comparing Fig. 7 with Fig. 13. 
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Experiments with infusion of adrenaline. 


When adrenaline is infused into the external jugular vein, shieelation 
of the sympathetic chain failed to produce dilatation. In one experiment, 
however, after eserine had also been injected, a slight dilator effect was 
obtained (see Fig. 14). The dilatation could not be shown repeatedly, but 
_ after the injection of atropine the response became constrictor. We are 
of opinion that in this experiment there was evidence of the presence of 
a small cholinergic dilatation. ) 


_ Discussion. 


The experiments leave no doubt that the sympathetic innervation of 
the blood vessels of the muscles of the dog is not only constrictor, but also 
has an easily demonstrated dilator component. The dilator fibres act in 
the main by the liberation of acetylcholine. Curiously enough, cholinergic 
dilator fibres are absent in the cat, and the few dilator fibres which are 
revealed by ergotoxine appear to be adrenergic, since they are unaffected 
by eserine and atropine. The dilator fibres in the dog may be demon- 
strated not only by the use of eserine and ergotoxine, but by the more 
physiologically significant use of adrenaline. When adrenaline is infused 
into a vein at a constant rate, strong stimuli of short duration cause 
vaso-dilatation. A purely constrictor nerve supply to muscle blood vessels 
has always been difficult to understand, since in times of stress when the 
sympathetic system is fully active, the blood supply to the muscles 
requires to be increased, rather than diminished. Animals like the dog 
which are capable of more prolonged exertion than the cat, may have 
_ this greater capacity because of the presence of the dilator innervation. 
Why, however, should this dilator innervation be cholinergic rather than 
adrenergic? Why should the mechanism of the dilatation be completely 
changed in the two species? An answer to this is suggested if we con- 
sider the disadvantages of adrenergic dilator fibres running to the blood 
vessels in muscle. Efficient working of these fibres will be of most im-— 
portance to the body as a whole in times of emergency. Yet at these 
times there is an output of adrenaline from the suprarenal glands which 
creates a high vascular tone. The small amounts of adrenaline liberated 
by the dilator fibres must then exert their dilator effect in opposition to 
this adrenaline tone. 

At first sight this seems an impossible task, but various observations 
have led Dale and Richards [1918] and Burn and Dale [1926] to 
consider whether adrenaline plays such a double part. We can state from 
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our own observations that small doses of adrenaline have no vaso- 
dilator effect whatever in the perfused vessels of the dog’s muscles when 
the tone is maintained by adrenaline, at a time when sympathetic vaso- 
dilatation is readily produced. We therefore suggest that in the course 
of evolution the adrenergic dilator mechanism to the muscles has been 
abandoned because it was necessarily inefficient. Obviously dilator fibres 
liberating acetylcholine are much more efficient. Acetylcholine has a 
Pe _ dilator action which, as we have shown in these experiments, is actually 
enhanced by an adrenaline tone. 

a The persistence of the vaso-dilator action of adrenaline in the muscles 
of the dog is a matter of great interest. Since the vaso-dilator nerves are 
no longer adrenergic as in the cat, the dilator effect of adrenaline might 
have disappeared, there being no corresponding innervation. But it has 
not done so, and its position appears to be similar to that of the dilator 
effect of acetylcholine in the cat which also corresponds to no known 

While the broad difference between the species is clear enough, w 
should qualify it by stating that our experiments indicate that it is not 
absolute. We have found one dog in which the dilator effect of stimulation 
was not abolished by a small dose of atropine (though larger doses 
abolished it), and there are some cats in which small dilator effects are 
seen which appear to be slightly increased by eserine and diminished by 
atropine. Since Hinsey and Cutting [1933] state that the Sherring- 
ton phenomenon can be elicited by stimulating the grey rami, then 
cholinergic sympathetic fibres must surely be present in some cats. 

In conclusion we may point out that our observations throw further 
light on the action of ergotoxine. Dale [1906] found that a sympathetic 
innervation which was purely motor was paralysed but not reversed by 
ergotoxine, while one which was purely inhibitor was unaffected; he, 
therefore, supposed that the reversal of the pressor effect of adrenaline 
by ergotoxine was due to the paralysis of motor nerve endings so that 
the stimulation of the inhibitor endings was no longer masked. Others 
have doubted this view and thought that ergotoxine might reverse the 
action of the vaso-constrictor fibres. We now find that the injection of 
eserine or the infusion of adrenaline in the dog will convert a constrictor 
response to sympathetic stimulation into a dilator response, just as the 
injection of ergotoxine does. Since the action of eserine and adrenaline 
is certainly not to reverse the function of constrictor fibres, it is super- 
fluous to suppose that ergotoxine does so. 
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SUMMARY. 
1. The dilator effect of stimulating the sympathetic chain has been 
studied when the muscles of the hind limbs of the dog are perfused with 
defibrinated blood containing adrenaline. The dilator effect is intensified 
by eserine and abolished by atropine. 

2. When the perfusion is carried out with Ringer's solution con- 
taining eserine and adrenaline, a substance appears in the perfusate 
during stimulation which causes contraction of the leech preparation. 

3. The effect of stimulating the sympathetic chain has been studied 
in dogs under pernocton, the volume of the muscles of the hind leg being 
recorded in a plethysmograph. Sympathetic stimulation causes vaso- 

constriction. 
4. After the injection of eserine, short stimuli (3 sec.) cause vaso- 
dilatation. This vaso-dilatation is abolished by atropine. 

5. After the injection of ergotoxine, stimulation causes vaso- 
dilatation, and this vaso-dilatation is increased by eserine and abolished 
by atropine. The vaso-dilator effect of adrenaline after ergotoxine is not 
affected by atropine. 

6. The vaso-dilator effect of small doses of adrenaline in the muscles 
of the dog anzsthetized with ether is not affected by atropine. 

7. During the infusion of adrenaline into the dog under pernocton, 
short stimuli cause vaso-dilatation. This —— is increased by 
eserine and usually abolished by atropine. 

8. During the infusion of pituitary extract, pear stimuli sometimes 
cause vaso-dilatation, but not with the regularity of an infusion of 
adrenaline. 

9. After the injection of ergotoxine into the cat, stimulation causes 
vaso-dilatation, but this is not increased by eserine and not abolished by 
atropine. 

10. Neither the injection of eserine nor the infusion of adrenaline 
into the cat lead to the appearance of dilator sympathetic responses, 
though occasionally when the two are used together, slight dilator effects 
are obtained. 

11. We conclude that there are many cholinergic vaso-dilator fibres 
in the sympathetic nerve supply of the muscles of the dog. In the cat 
the sympathetic vaso-dilator fibres appear to be few and in function 


adrenergic; they can be clearly demonstrated only after the injection of 
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_ A portable apparatus for measuring the impedance angle of the 
human body. By M. A. B. Brazier. (Introduced by Samson WricxT.) 


This apparatus is designed to measure the impedance offered by the 
human body to an alternating current of high frequency. 

The source of current consists of a thermionic valve oscillator working _ 
either from batteries or from the mains supply, and designed to have a 


Fig. 1. 


constant frequency of 20,000 cycles per sec., independent of the load on 
the oscillator, and also independent (within limits) of the voltage supply. 
The oscillator is also designed to give a high degree of purity to the output 
_ wave form, which, for accurate work, should be a pure sine wave. 

A schematic diagram of the circuit is shown in the accompanying 
figure. For simplicity, some of the detail features of the oscillator and 
| heterodyne detector are omitted, but only such as are standard practice 
~ in good electrical design. | 
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A resistance potentiometer across the output of the oscillator gives a 
convenient control to the amount of current passed to the bridge, and thus 
— to the patient. In practice, it is found that at 20,000 cycles per sec., a 
current strength of 0-02 ampere is quite imperceptible to the patient. 

The oscillator forms a separate unit which iis normally located a few 
feet away from the second unit which consists of the bridge together with 
a heterodyne amplifier detector. This separation is desirable to prevent 
direct electromagnetic coupling between the oscillator and the detector. 
Electrostatic interference is eliminated by the complete screenmg of all 
the component parts of the bridge-detector unit. The heterodyne detector 
is also mains operated, the supplies being drawn from the oscillator 
unit. 

The components of the bridge itself have been specially designed to be 
suitable for work at 20,000 cycles. The bridge is a modification of the 
common Wheatstone bridge, and is equipped with a standard Wagner 
earth connection in order to eliminate the effect of the earth capacitances 
of the patient on the measurement, The magnitude of the ratio arms of the 


bridge (79-5 ohms) has been selected so that the value of the impedance 


angle ¢ is given directly by the instrument reading; this device is solely 
to make the working of the apparatus as simple and as speedy as possible 
for routine clmical measurements. 

The values of the bridge components which exactly balance the 
impedance of the patient are obtained when the bridge instruments are so 
adjusted as to obtain a complete silence point in the telephones both on 


the bridge side and on the Wagner connection. This end point is made 


extremely accurate by the use of a valve amplifier, and balance above 
audiofrequency is made possible by the inclusion of a heterodyne oscil- 
lator incorporated in the same unit. 


Thé electrodes adopted are lead plates (5 cm. x 7-5 cm. x 0-2 cm.) 


immersed in 1 p.c. sodium chloride solution in arm baths. Each arm. 


bath holds 10 litres of the solution, and the patient immerses the whole of 
the forearm up to the elbow. 


The measurement of the impedance vector that can be made im this 


way had proved a reliable aid to the diagnosis of thyroid diseases (J. Inst. 
Elect. Eng. 1933, 78, 203; Lancet, 1983, ii, 742, 1934, i, 125), and this form 
of the apparatus has been designed with the object of simplifymg the 
apparatus for routine clinical work. The apparatus is a direct reading 
instrument involving no calculation on the part of the operator, and is 


extremely ‘easy to work, requiring no special knowledge of <lectrical 
technique. 
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A measurement of the impedance angle of a patient occupies about 
five minutes, and does not require fasting, resting or other conditioning 
of the patient. Even violent exercise has only a small effect on the 
impedance angle. 

The impedance angle bridge is made by Messrs Gambrell Bros., of 
Merton Road, Southfields, 8.W. 18. 


Inactivation by histaminase preparations of the histamine-like : 
substance recovered from lungs during anaphylactic shock. 
By L pe Boron Daty and H. Scunp. 


Feldberg and his co-workers [1932, 1985) demonstrated the release 
of a histamine-hke substance into the perfusate of guimea-pig’s isolated 
lungs durmg anaphylactic shock. We have submitted such perfusates 
(‘‘shock” fiuads), which have been shown to give a number of biological 
reactions similar to those of histamime, to the action of histaminase 


preparations [Best and McHenry, 1930}. 


The “shock” fluid and control solutions were assayed on the guinea- 
pig’s gut and also on the atropinized cat for depression of the blood- 
pressure. The histaminase powder was prepared from pig’s kidney in the 
manner described by Best and McHenry. 

Histamine solutions in Tyrode’s fluid (1/3 million) and also samples 
of “shock” fluid containing a histamine equivalent of 1/3 million, as 


' assayed on the guinea-pig’s gut, were incubated in test-tubes for 36 hours 


at 37° C. after the addition of the histaminase powder. At the end of this 
time the solutions were tested on the guinea-pig’s gut. Precautions 
against bacterial growth were taken in some of the tubes by the addition 
of toluol to a final concentration of 10 p.c., the tubes being shaken several 
times during incubation. It will be seen from, Fig. 1 that the histaminase 
preparation inactivated both the unboiled histamine solutions (Nos. 5, 6) 
and the unboiled “shock” fluid (No. 7), although a slight activity re- 
mained in the histamine-histaminase solution which was without the 
addition of toluol (No. 5). Incubation of histaminase and histamine after 
boiling (No. 4) and of histaminase and “‘shock”’ fluid after boiling (No. 8) 
resulted in no loss of activity. 

Incubated control solutions of histamine, boiled and unboiled, with 
or without toluol, showed on assay no significant differences (Nos. 1, 2, 3). 
The greater activity of sample 4 as compared with sample 1 can be 
accounted for by the histamine-like activity of the histamimase prepara- 
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tion itself (No. 9) which partially or wholly disappeared if the enzyme 
remained active (Nos. 5, 6, 7). : 

It was observed that 10 p.c. toluol in Tyrode’s fluid produced a slight 
contraction of the guinea-pig’s gut if the fluid were withdrawn by a 
pipette from beneath the toluol layer. If, however, repeated tests with 


such fluid were made on the same piece of gut, the gut gradually lost its — 


Fig. 1 (upper). 11. vi. 34. Assay on guinea-pig’s gut of “shock” fluid (S.F.) after incubation 
for 36 hours with Best’s histaminase (H’) preparation (final concentration 10 mg. dried 
_ kidney tissue powder per ¢.c. Tyrode solution); also control experiments. H =1/3-3 
million of histamine in Tyrode solution. T=Toluol, final concentration 10 p.c. 
(1) Boiled H; (2) Unboiled H; (3) Unboiled H+T; (4) Boiled H +H’; (5) Unboiled 
H+H’; (6) Unboiled H+H’+T; (7) Unboiled 8.F.+H’+T; (8) Boiled 8.F,+H’; 
(9) Boiled H’+T. Read from right to left. 
Fig. 2 (lower). 29. ix. 34. Cat, etherized and atropinized. Injections into femoral vein. 
_ (1) Boiled H (ly)+H’+T; (2) Unboiled H (ly)+H’+T; (3) Boiled S.F.+H’+T; 
. (4) Unboiled 8.F. +H +T. The 8.F. contained a histamine equivalent of ly as assayed 
on the guinea-pig’s gut. 


sensitivity to toluol. Gut preparations desensitized to toluol by repeated 
doses were used for assaying all the incubated solutions containing 
toluol. 

In a second experiment “shock” fluid containing a histamine equi- 
valent of 0-5y per c.c. as assayed on the guinea-pig’s gut was incubated 
with the histaminase preparation and tested on the atropinized cat. Fig. 2 


shows that histaminase inactivates both the “shock” fluid and the control 
histamine solution. 
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The experiments indicate that pig’s kidney has the property of in- 


_ activating the histamine-like substance in “shock” fluid. They do not, 


however, distinguish inactivation by histaminase from that by some other 
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Dorsal root fibres. By Donaup H. Barron 
and Bryan H. C. Marruews. 


In a previous communication [Matthews, 1934] one of us reported 
that discharges of nerve impulses emerge from the spinal cord of the cat 
by many fibres in the posterior roots. Further work has led us to believe 
that normally only a small fraction of the central paths feeding them are 
conducting at one and the same time, and that the original estimate, that _ 
5 p.c. of the posterior root fibres can carry centrifugal impulses, is many 
times too low. i 

Our examination of their action currents suggests that some 40 p.c. 
of the posterior root fibres can carry centrifugal impulses. Of these a 
large fraction start in a peripheral sense organ and run to the cord; there 
one (or possibly more than one) collateral passes a long or short distance 
up or down the cord and leaves it again by a different rootlet from that 
containing the entrant fibre, though it may be in the same or a different 
root. It then passes on to the periphery, often to a point far distant from 
the original sense organ. The central part of this pathway has properties 
not shared by a peripheral fibre, notably that conduction can be blocked 
by impulses arriving in other fibres, and this inhibition of conduction 
often occurs rhythmically. There are also present a small number of fibres 
carrying discharges from neurones within the cord. 

The literature of degeneration experiments on posterior roots contains 
many reports of fibres undegenerated in the central stumps of the roots; 
some observers have found many, others very few. If our conclusions as 
to the course of these fibres is correct, these discrepancies are accounted 
for by the different total extent of nerve section in different observers’ 
experiments, and the position of the central stumps examined relative 
to the denervation. Many of the fibres that leave the cord by any given 
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| rootlet have entered by other rootlets up and down the cord and have 
their cell station in the posterior root ganglion, and so the greater the 
extent of nerve section the more of the fibres leaving by this rootlet will 
have been cut as they enter the cord. Therefore the greater the extent of 
denervation, the smaller the number of surviving fibres. Finally if only 
a single rootlet were sectioned all the emerging fibres in it should survive. 

This crucial experiment as far as we were aware had never been done; 
we therefore operated on fourteen cats, and in some cut only a single 
rootlet intradurally. The ends were tied with silver wire for identification. 


Fig. 1. Diagram to show the origin of the emergent fibres. The rootlet A is shown containing 
four fibres that have entered the cord by other rootlets of the same root, one from an 
adjacent root, and one from an intraspinal neurone. Section of all roots central to the 
and section of A only would leave all six. 


Eight cats survived and were in excellent condition a month later. We 
then re-exposed the cord, decerebrated the animals, and recorded the 


electrical activity of the central ends of the rootlets severed a month ~ 


previously. We found impulses in many fibres leaving the cord by these, 
as in normal rootlets. Thus the fibres concerned had not degenerated. The 
ends of the sectioned rootlets were preserved for histological study. In 
the central ends very many apparently normal healthy fibres of all sizes 
are present constituting 30-50 p.c. of the total. In the peripheral ends 
stained with osmic acid there is clear evidence of widespread degenera- 
tion, but our Marchi preparations show only a trace of it; we are not 
yet certain whether this is due to some error in our method, or to some 
staining peculiarity of degenerated fibres in this particular situation. 

In conclusion it appears to us that of the fibres entering the cord by 
the posterior roots more than half send collaterals out to the periphery 
via a posterior rootlet different from that by which they enter. 


REFERENCE. 
Matthews, B, H. C, (1984). J. Physiol. 81, 29 P. 
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The curariform activities of some onium salts on mammals. 
By M. Camas. | 


I have had the opportunity of studying the curarilike action of 
some onium salts owing to the kindness of Dr H. R. Ing, to whom I am 
indebted for samples of some of his original preparations. It was my 
intention to collaborate with Dr Ing by investigating on mammals the 
activity of the drugs which he studied on the frog [Ing and Wright, 
1931, 1933], but material difficulties interfered with that scheme. The 
experiments were made in my institute by C. Bartorelli, G. Moruzzi 
and B, Tanzi, each of them collaborating chiefly on one of the following 
points. 

A. Action on the indirect muscular excitability of mammals [C. B.]. 
Tetramethylammonium iodide, octyltrimethylammonium iodide, tetra- 
methylammonium chloride and strychnine methiodide have a curariform 
action on the perfused limb of the rabbit. The greatest activity is shown 
by tetramethylammonium iodide (nerve-muscle preparation; inexcit- 
ability is obtained after 1 min. by perfusing the limb with 1 x 10-* molar 
solutions). Strychnine methiodide is less active, indirect inexcitability 
being observable by perfusion with 1 x 10-* molar solutions after only 
10 min. 1 x 10-* molar octyltrimethylammonium iodide causes curarilike 
paralysis after 5 min., while 10 x 10-* molar tetraethylammorium chloride 
causes paralysis after only 10-15 min. The action of the last-named drug 
is not strictly curariform, because indirect inexcitability is obtainable only 


when the ditect excitability ofthe muscle i markedly decreased 


B. Action on the postural tone (G.M.). It has been shown by Bremer 
[1927] that small amounts of curare cause the postural tone of decere- 


: 3 brate mammals to disappear. Tetramethylammonium iodide, octyl- 


trimethylammonium iodide and strychnine methiodide were studied by 
us in relation to that activity with the result that complete abolition of 


i the extensor rigidity of decerebrate rabbits and cats is observable after 


intravenous injection of tetramethylammonium iodide (1-14—1-28 mg.); 
octyltrimethylammonium iodide (2-82-3-10 mg.); and strychnine meth- 
iodide (3-33-3-80 mg. per kg. of body weight). Evidence of the abolition 


e | of muscular tonus was given by temporary absence of pseudo-after- 


.: discharge in the controlateral extensor reflex. Strychnine methiodide 


action appears with the shortest delay (1-2 min.) but has the shortest 
duration (2—4 min.), probably owing to the greater speed of its elimination 


a or inactivation by the body. This fact and its explanation agree with the 
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observations of Cowan and Ing [1934] on the rapid elimination of — 


strychnine methiodide by the kidney of the frog. 

C. Action on the glucose content of blood [B.T.]. Itis known that curare, 
when injected in paralysing doses, is able to cause an increase of the 
glucose content of blood. By comparing in the rabbit the action of curare 
with that of the three onium salts it was observed that only tetramethyl- 
ammonium iodide was able to produce hyperglycemia. The normal 
amount of glucose was raised to about 3°/,, by intravenous injec- 


tion of a 0-01 molar solution of the drug, sufficient to cause respiratory — 


paralysis. Paralysis of the skeletal muscles is not the necessary condition 
in order to attain hyperglycemia. This is shown by the fact that tetra- 
methylammonium iodide causes hyperglycemia even when the muscles 
are not completely paralysed, and vice versa the other two onium salts 
tested produce paralysis without increasing the blood-sugar level. 
Insulin which, after the experiments of previous workers, has an 
incomplete antagonistic action towards curare, inasmuch as injection 
of the hormone decreases the high sugar level caused by curare, is unable 
to display the same action in the case of tetramethylammonium iodide 
hyperglycemia. In four rabbits, after injection of the onium salt, the 
blood sugar reached the average amount 2-637 °°/,,, but subsequent 
injection of 20-30 C1.U. of insulin did not cause any decrease of the sugar 


amount. 
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Visceral afferent fibres. By W. A. Barn, J. T. Invine 
and B. A. McSwiney. 


It has long been known that stimulation of a somatic afferent nerve 
produces dilatation of the pupil. In 1925 McDowall reported that trac- 
tion of certain abdominal viscera produced such dilatation, but he did not 
attempt to investigate the nervous pathways involved. 

Dilatation of the pupil is being used in our experiments as a means of 
determining the visceral afferent pathways from the abdomen in the cat. 
The nerves are stimulated with a weak faradic current and chloralose 
(Martindale) is used as the anesthetic, for in the animal so anesthetized 
the pupil is constricted. 
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Stimulation of the central end of the cut right or left splanchnic nerve 
causes immediate dilatation of the pupil. The dilatation is still obtainable 


_ after removal of the suprarenal glands. That the response is not dependent 
on the existence of somatic afferent pathways is shown by the fact that 


dilatation is obtained on central stimulation of the cut splanchnic nerves 


after transection of the spinal cord between the 5th and 6th thoracic 
roots. 


These visceral afferent impulses travel into the cord by the dorsal 


_ roots as is shown by the following experiment: Under chloralose the spinal 


cord is divided between the 5th and 6th thoracic roots. Stimulation of the 
central end of the cut left splanchnic nerve causes dilatation of the pupil. 
After section of the left 3rd, 4th and 5th dorsal thoracic roots, no re- 
sponse is obtained on stimulation of the left splanchnic nerve. Dilatation 


' is, however, still elicited on stimulating the central end of the cut right 


splanchnic nerve, and on pinching the pinne or the pads of the forelimbs. 

The highest entry of the splanchnic visceral afferent fibres appears to 
be the 3rd thoracic root. Dilatation is observed on stimulation of the 
central end of the cut right or left splanchnic nerve after transection of 
the spinal cord between the 3rd and 4th thoracic roots. Dilatation is, 


_ however, no longer obtained on stimulation of the nerve after section of 


the 3rd dorsal thoracic roots, though again stimulation of a pinna or of 
any area innervated by the cord above the level of section causes dilata- 
tion. Splanchnic afferent fibres enter the spinal cord through all dorsal 
roots from the 3rd to the 12th thoracic. 

The dilatation of the pupil in the cat anzsthetized with chloralose is 
not due to impulses ascending via the cervical sympathetic nerves, for if 
the third cranial nerve be cut, no dilatation can be detected in the 
corresponding pupil even though it is constricted by eserine. The anzs- 
thetic does not interfere with conduction in the cervical sympathetic 
because stimulation of these nerves with even a weak faradic current 
causes marked dilatation. 


REFERENCE. 
McDowall, R. J. S. (1925). Quart. J. exp. Physiol. 15, 177. 
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Afferent impulses in the pulmonary vagus. 
By M. Hammovupa and G. 


The pulmonary siferent impulses in the vagus, posing through « 
cooled region of the nerve, were here studied by means of a Matthews 


oscillograph and amplifier. Ansthetized rabbits and cats were used ; one 


vagus was cut, and the other, freed from the sympathetic and depressor, 


placed on a cooled rod, at a temperature so adjusted that deflation caused 
acceleration of breathing, whilst inflation had no apparent. inhibitory 
effect [see Hammouda and Wilson, 1934}. 

Under such conditions, according to Hammouda and Wilson [1934], 
there is a selective block of the fibres inhibitory to inspiration, while 
aceelerator fibres are still conducting. The nerve was then cut an inch 
centrally to the cooled spot, and its peripheral stump placed on the 
electrodes. 

The measurable activity of the nerve so studied was found to be still 
considerable, although greatly reduced; and its relation with the phases 


of respiration also of a normal type [Adrian, 1933], except that the 


increase of activity during inspiration was relatively much smaller than 
normally. Sometimes forced inflation caused a further reduction in the 
number of impulses; forced deflation always gave an outburst of impulses, 
though a smaller one than in the warm nerve. 

In a few instances, in which the cooling was pushed to the lowest 
degree which had still allowed an accelerator effect on deflation, a change 
im the type of the discharge was recorded,—it became very small, with 
slight increases at the beginning of inspiration and expiration. 

A temperature sufficiently low just to abolish all measurable action 
currents in the nerve stump would also have abolished all pulmonary 
reflexes. 

How far these findings were due to the selective block of the in- 
hibitory fibres, claimed by Hammouda and Wilson, or instead to a 
block of the inhibitory fibres, of the type described by Tsai [1931] in 
the case of light cocaine anzsthesia, is now being investigated. 


REFERENCES. 
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Refiex cholinergic nerve impulses. By H. A. Duntor 
| and R. E. WaTERSTON. 


When the central stump of the cut sciaticnerve in the cat is stimulated, 
a rise or fall of arterial blood-pressure occurs, the type of change depending 
on the rate and strength of the faradic stimulus [Reid Hunt, Gruber, 
Ranson] and certain other factors. Eserine increases and prolongs the 
depth of the fall which follows an initial rise in pressure, also the depth 
of a simple fall and on occasion converts a moderate, simple rise into a 
simple fall. In cases in which rapid faradization causes a rise in pressure 
without any after-fall on withdrawal of the stimulus, eserine brings out 
a marked after-fall below the resting level. This after-fall is not prevented 
by previous section of the vagi and denervation of the carotid sinuses. 
The after-fall is, however, modified by this procedure, being rendered less 
profound and more gradual in inception and recovery than before. 

Atropine neutralizes the effect of eserine described above, and also 
tends to diminish the depressor action of infrequent stimuli applied to 
the sciatic nerve. While the effect of atropine and eserine mainly involves 
the cardio-inhibitory mechanism, it appears that eserine has also some 
effect in increasing the vaso-dilator response to sciatic stimulation. 
Minute doses of eserine tend also to increase the vaso-constrictor 
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Myograms from the chromatophores of Sepia. 
By A. V. Hitt and D. Y. Sotannr (Toronto). 


Colour changes in the cuttle fish and the squid are effected by the 


_ extension of the chromatophores by radial unstriated muscle fibrés. (See 


Parker [1930], Fuchs[1914].) These fibres are quick and can be stimu- 
lated electrically; the colour changes can be recorded by a photo-cell and 


a rapid galvanometer. The curves in the figure are, from below upwards, 
read from right to left (time marks 1/3 sec.): 


(a) Single twitches, about 45 per min. 


(6) Single twitches, partial summation, about 90 per min., final 
relaxation. 


(c) Nearly —— summation, 9-3 shocks per sec., final relaxation. 


After preliminary apne at iain Sepia skin was sent from 
Plymouth to London by the midnight train in cooled sea water (previously 
shaken with air) and used on the following two days. A patch was pinned 
to a cork, placed beneath a large lens in a microscope tube, and illu-— 
minated with an electric lamp. An image of it was formed at the top of 
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the tube on a rectifying photo-cell, connected to a Moll microgalvano- 
meter (period 1/5 sec.), or, in some cases, to a string galvanometer. Two 
electrodes were laid on the skin, and condenser discharges passed through 
it. The muscle fibres respond by a single twitch to each discharge; 
_they do not show complete summation (at 20°C.) until the shock 
frequency is about 12 per sec. 

Various experiments were performed. 

(i) Absence of fatigue: the response was undiminished after 30 min. 
tetanus at 30 shocks per sec., but relaxation was slowed to about one- 
half of its original rate; the fibres are close to the surface and presumably 
their oxygen supply i is good. 

(ii) Time factor im excitation: strength-duration curves were made at 
Plymouth, for single disharges, on decapitated and eviscerated animals, 
by laying fluid electrodes on their skin and finding the relation between 
log V and log RC for constant response recorded with the galvano- 
meter; they were of the usual form. The “characteristic time” for 
minimum energy was about 6 msec. at 17° C.; it is uncertain whether 
muscle or nerve fibres were being excited, but the curve and the time are 
about the same as for the fin nerve. 

(ii) pH and K-ions: increase of hydrogen-ion concentration had no 
great effect until a pH of 5 was reached, when the response was greatly 
diminished; it recovered in normal sea water. Increased K-ion concen- 
tration caused contracture. 

(iv) Lodoacetate : in some experiments, after soaking in an iodoacetate 
solution (1/5000), the fibres at first responded normally, and then went 
into irreversible contracture. Presumably a phosphagen mechanism is 
involved. 

The skin preparation, and the method of recording, would make a 
good class demonstration. 


REFERENCES. 
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Electrotonic effects during high-frequency stimulation of nerve. 
By A.V. | 


The rise and fall of electrotonus, on making and breaking a current in 
a medullated nerve, are so rapid that during stimulation at an ordinary 


frequency (say 100 per sec.) the residual electrotonus at the moment of | 
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any given shock, due to all previous shocks, is negligible. With high- 
frequency shocks, however, if each constituent shock is of rather long 
duration, the residual electrotonic effect may be large. 

According to Bogue and Rosenberg [1934, p. 361] the rise of 
electrotonic potential at the cathode, when a constant current is put into — 
a nerve, and its fall when the current is broken, are approximately ex- 


e ponential with about the same time constants. Let a constant current of 


potential # produce an electrotonic potential at the cathode bE (1 —e-*/*), 
where ¢ is time in micro-seconds; then according to Bogue and Rosen- 
berg 6 is about 4, & about 250 (at 15-20° C.). From this it can be cal- 
culated that the electrotonic potential due to a condenser ne 
(R, ohms; C, is 


(e-t — e-t/RC) 


Consider steady one-way stimulation with such discharges at intervals 
Tu sec. Then the residual electrotonic effect, at the moment of any given 


~ shock, due to all previous shocks, is 


bE eT e~T/RC 
k/RO-1 -e-Thk” 1 |" 


= With a frequency of 2000 per sec., 7=500usec., RC=12hy sec., 


E=20 volts, the effect is equal to that due to a constant polarizing po- 
tential of 0-164 volt, which is rather small. If, however, RC =125y sec., it 
is equal to that due to a constant polarizing potential of 2-76 volts, which 
is more than sufficient to produce a complete block. With a frequency of 
1000 per sec., RC=125, H=20, it is equivalent to 0-374 volt: with a 
frequency of 500 per sec. only to 6-7 mV. With high frequency one-way 
stimulation it is necessary to avoid the complication of electrotonus by 
using quick discharges (small RC); otherwise, as shown by Cattell and 
Gerard, impulses may be blocked at the electrodes. _ 


With two-way discharges at intervals 7’ the residual electrotonic  — 


potential at the moment of any given shock is 

e~T/RC 

k/RC -1 lis |: 

With T =500, RC =12}, H=20, the effect is equal to that of a constant 
polarizing potential of —0-128 volt. With RC=125, however, the 
equivalent constant polarizing potential is —2-03 volts. These are rather 
less than for one-way shocks o: the same-frequency, and of the opposite 
sign, but their order of size isthe same. 


REFERENCE. 
Bogue, J. Y. and Rosenberg, H. (1934). J. Physiol. 82, 353. 
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On keeping frogs at a low te‘nperature. 
By A. V. Hitt and J. L. PARKINSON. 


In October, 1933, a batch of frogs was received from Hungary and 
since the end of November, 1933, eighty of these have been in a large 
tank (glass and slate) in a cold store at 4-6° C. Fresh water streams very 
slowly through the tank. For 10 days in the summer they had to be put in 
a sink to allow the cold store to be repaired. The frogs are still (November, 
1934) in excellent condition, quite as good apparently as freshly caught 
animals: one only has died (September, 1934). They rest quietly at the 
bottom of the water, coming occasionally to the top for air. About fifty 
were recently used for experiments on nerve excitation, and their nerves 
were very good. The animals have had no food for 13 months and have 
lost little weight. Although quiet in their tank they become active at 
once if disturbed. | 


The influence of the acid base equilibrium on gastric secretion. 
By N. F. Mactaganl. 


A. Thirty-three students who were the subjects of histamine test 
meals in connection with another investigation [Lander and Mac- 
lagan, 1934] formed the material for this study. 10 c.c. of blood were 
taken from each student in the fasting condition, usually just before the 
test meal. The blood was collected anaerobically [van Slyke and 
Peters, 1931] from a hand vein after immersing the hand in hot water for 
5 min., and was bright red in colour. The plasma CO, content was deter- 
mined in duplicate with the van Slyke apparatus. A few minutes after 
collecting the blood, duplicate samples of alveolar air were collected by 
the method of Henderson and Morris [1917] and analysed in a 
Haldane gas-analysis apparatus. 

Assuming the blood to be arterial in composition, these estimations 
permit the calculation of the plasma bicarbonate, carbonic acid and pH 
[van Slyke and Peters, 1931]. Dot diagrams of these variables were 
plotted against the gastric acidity, expressed as highest free acidity and 
volume of free acid per hour in the histamine test meal. 

No correlation whatever was found between the gastric acidity and 
the acid base conditions in the blood. These results are in opposition to 
those of Apperly and Semmens [1928], who claimed to demonstrate a 
positive correlation between the gastric acidity at 1 hour in the fractional 
test meal and the plasma CO, content. 


_ 1 Whole time worker for the Medical Research Council. 
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Taste I. 
No. of Plasma CO, Aly. Plasma 

student Period C.0. p.c. mm. pH C.0. 

1 37°8 7-44 110 

Acidosis — 45-5 31-9 7-41 120 

2 Control 57:7 39-9 7-41 | 127 

Acidosis 47-6 36-2 7°37 

3 Control 51-2 37-5 7:39 115 

Acidosis — 45-0 33-3 7°38 112 

Acidosis 44-0 35-6 7:34 100 

5 Fpcre 56-5 41-7 7-38 115 

cidosis 45-8 7-33 100 


B. An acidosis was induced in five students by the administration 
of ammonium chloride in doses up to 0-2 g. per kg. twice a day. The blood 
was examined as above, and the test meals were performed before and at — 
the height of the acidosis. The histamine test was employed in the first 
three cases and a special alcohol test meal [Bloomfield and Kiefer, 
1926] in the last two. This alcohol test permits the determination of the 
undiluted gastric acidity by means of a dilution indication (phenol- 
phthalein). 

It will be seen from Table I that although a moderate grade of 
acidosis was produced, no significant change was observed in the gastric 
acidity. These results give no support to the claims of Apperly and 
Crabtree [1931], who observed an apparent reduction of gastric acidity 
in one of their four students after the induction of ammonium chloride 
acidosis, 

REFERENCES. 
Apperly, F. L. and Crabtree, M. G. (1931). J. Physiol. 78, 331. 
Apperly, F. L. and Semmens, K. M. (1928). Med. J. Aust. ii, 221. 
Bloomfield, A. L. and Kiefer, C. 8. (1926). Arch. intern. Med. 37, 819. 
Henderson, Y. and Morris, W. H. (1917). J. biol. Chem. 31, 217. 
Lander, F. P. L. and Maclagan, N. F. (1934). Lancet ii (in the Press). 


Van Slyke, D. D. and Peters, J. P. (1931). Quantitative Clinical Chemistry. (Bailliére, 
Tindall and Cox, London.) 


Gastric acidity in relation to the position and motility of the 
stomach. By F. P. L. Lanpzr, N. F. Mactacan? and F. G, Nicoxas. 


During the course of an investigation of the effects of histamine on 
gastric secretion in normal students [Lander and Maclagan, 1934] 
the opportunity was taken of comparing the test meal and wehaioien 


1 Whole time worker for the Medical Research Council. 
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findings in twenty cases, ten being chosen from the lowest and ten from 
the highest ranges of gastric acidity. 

The technique of the test meal is such that the effect of variations in 
emptying time are eliminated, and a true index of secretion is obtained. 
The X-ray examinations were performed at 9 a.m. The routine barium 
meal of one pint was given and an ortho-diagram was first made. Films 
were then taken, the tube being centred at the level of the iliac crests in 
each case, Further films were taken at intervals of 1, 2 and 3 hours. The 
measurements given in Table I were made from the ortho-diagram. 
Emptying rates were classified as rapid (R.), early normal (E.N.), 
normal (N.), slow normal (8.N.) or slow (8.). 


Taste I. 


| 


56-1 


It will be seen that no significant difference was found in the low and 
high acid groups, either in respect of the position or the emptying rate of 
the stomachs. This finding is in opposition to the supposed association of 
hyperacidity with a high rapidly emptying stomach which was suggested 
by Campbell and Conybeare [1924], and which appears to have 
gained wide acceptance in the literature [Hurst and Stewart, 1929]. 


REFERENCES. 


Campbell, J. M. H. and Conybeare, J. J. (1924). Guy’s Hosp. Rep. 74, 354. 
Hurst, A. F. and Stewart, M. T. (1929). Gastric Duodenal Ulcer. Oxford Univ. Press. 
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‘High-frequency stimulation of nerve and the refractory period. 
By L. Buanarp (Toulouse) and A. V. Hr. 


The relation between total electric response and frequency of stimula- 
tion by rapid condenser discharges (¢.g. RC =12}ysec.) has been in- 
vestigated for nerve at about 22° C. and at 5° C. It is the same at both, 
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. except for a change in the frequency scale, At 22°C. the response 


reaches 8 maximum at about 500 one-way shocks per sec., and then 


» diminishes at higher frequencies to about 10 p.c. at 2400 per sec. The 


same-general effect is observed with the thermal response. At 5° C. (on 
cold-acclimatized frogs) the maximum is at about 90 per sec., and 10 p.c. 
is reached at 500 per sec. Moreover, during prolonged high-frequency 


~ _ stimulation the response rapidly diminishes. 


A commutator was arranged by which, during maximal high-frequency 


» stimulation, one shock in sixteen could be varied in intensity. A con- 


siderable increase in the response was obtained by a slight increase in the 
strength of that one shock, but not by increasing the strength of all the 
shocks. Each nerve fibre is maintained in a relatively refractory state by 
a uniform high-frequency stimulus, responding only occasionally; if one 
shock, however, of the regular series is increased, nearly all the fibres 
respond to it. If the one shock in sixteen is omitted altogether, again a 


greater response is obtained; the fibres now have double the usual time — 


to recover, and nearly all of them respond to the next shock. 

A commutator was arranged by which an extra shock was interpolated 
exactly half-way between two (out of every eight) of a regular high- 
frequency series. The response was unchanged or diminished. Falling 
early in the relatively refractory phase a shock produces no response 
itself, but may increase the refractoriness at the next shock [cf. sites ger 
and Blair, 1931]. 

Two commutators were arranged, adjustable relatively to one another, 
on the same shaft, so that at a given moderate frequency the refractory 
period could be determined during repetitive stimulation. If the shocks 
from the second commutator fall within the absolute refractory period 
following those from the first, there will be no increase in the electric 
response on closing the key to give the second shocks. Adjusting the 
interval to be two or three times the refractory period of the rested nerve, 
there is initially a large extra response on temporarily introducing the 
second shocks. As, however, the primary stimulus is continued, the 
extra response to the secondary stimulus diminishes and finally dis- 
appears; the refractory period has been increased by stimulation [cf. 
Field and Briicke, 1926]. The increase can be four- or five-fold, and is 
greater and occurs more rapidly the higher the frequency. 

This increase in refractory period is presumably the reason why 
previous low-frequency stimulation makes the nerve less responsive to 
high frequency [Bugnard, 1934; Feng and Hill, 1933], and why the 
response to high frequency so rapidly diminishes. 
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It is curious that continued activity, which so largely increases the 


refractory period, does not also increase the time constant of excitation 
[see Scott, 1934]. 
3 REFERENCES. 
Bugnard, L. (1934). J. Physiol. 80; 441. 
Erlanger, J. and Blair, E. A. (1931). Amer. J. Physiol. 99, 108. 
Feng, T. P. and Hill, A. V. (1933). Proc. Roy. Soc. B, 118, 356, 366. 


Field, H. and Briicke, E. T. (1926). Pflagers Arch. 214, 103. 
Scott D. (1934). J. Physiol. 82, 321. 


Electric excitation of the fin nerve of Sepia. 
By L. Buenarp (Toulouse) and A. V. Hit. 


The mantle-connective nerve of the cuttle fish, before entering the 
stellate ganglion, gives off a branch which (joined lower down by a 
branch from the ganglion) passes to the muscles of the fin. We were 
introduced to this nerve by Mr J. Z. Young, who informs us that it is 
strictly non-medullated [see Young, 1932; Sereni and Young, 1932]. 
_ The fin nerve makes an admirable preparation for study. It is available 
from the 0.N.s. downwards. The branches to and from the ganglion were 
cut, and one of the branches to the periphery was chosen for dissection. 
Stimulation was at the central end, recording of the action current from 
the peripheral end. 7 

Low frequency repetitive stimulation by condenser discharges showed 
that, for constant electric response recorded with a Kipp Zd galvanometer: 

(i) The strength-duration curve is of the usual form, the quantity 
of electricity required for constant excitation becoming constant at short 
times. 
(ii) At about 20° C. the “characteristic time” for stimulation with 
minimum energy (linear fluid electrodes) is about 3 msec.: about ten 
times that for the frog’s sciatic, less than for the limb nerve of Maia 
(Gerard). 


(iti) Distances between and size of electrodes have little influence on 
the strength-duration curve. 

, (iv) Transverse excitation (linear fluid electrodes opposite one another, 

or a point fluid electrode opposite a linear electrode) has a large effect, re- 


ducing the “characteristic time” to one-quarter of that for longitudinal 
excitation. © 


Repetitive response to a single strong shock, and its converse, sum- 


mation of repeated weak shocks, are apt to occur. For such reasons the 
rheobase, and consequently the chronaxie, cannot be precisely deter- 
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mined by this method: the “characteristic time” for minimum energy 
[{cf. Waller, 1899] is, however, a good index of the time factor in 
excitation, and can be readily and accurately determined. 

The injury potential, which, after careful preparation of the nerve, 
may be as high as 20mV., is reversibly reduced by increased K-ion 
concentration [cf. Cowan, 1934]. Increased K* reduces or abolishes 
excitability, but does not change the form of the oe 
curve. 
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Action potentials in nerve of Sepia. By J. Yute Boauz 
and H. RosENBERG. 


The action potentials of the fin and stellar nerves were investigated 
by means of a direct coupled amplifier and a Matthews’ — 
with a paper speed of 175 cm. per sec. 

The fin nerve preparation consisted of the mantle connective and its 
continuation as the fin nerve, the branches to the stellate ganglion being 
cut. 
The ganglionic preparation included the mantle connective to the 
ganglion, the stellate ganglion and - post-ganglionic stellar nerve 
bundle. 

--The mantle connective in both preparations was stimulated by single 
callie shocks at different distances, and in the fin nerve preparation 
in addition, by periodic induction shocks of moderately high frequency 


and by rectangular shocks of threshold strength with a duration of 


0-04 sec. The two latter forms of stimulation have not been applied as 
yet to the ganglionic preparation, since its initial activity was not main- 
tained for more than 20 min. after isolation in spite of oxygenation. 

Both nerves show a fast and a slow complex, but the special time 
relations are very different in the two cases. 

In the ganglionic preparation the complex commences with a very 
fast wave rising to its maximum in about 0-8 msec. and lasting about 
2-0 msec. This is followed by a slower wave which attains its maximum 
in 2-5 msec. and has a total duration of 8-0 msec. If a stronger stimulus 
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is used, a second or even a third fast wave is obtained which is generally 
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superimposed on the slow wave. The slow wave gradually disappears, — 


whereas the fast wave persists; sometimes the former is obtained alone, 
especially with make induction shocks. Both waves apparently originate 
in the ganglion since, with the amplification used, stimulation of the 
stellar nerves gave no appreciable antidromic impulse in the mantle 
connective. Owing to the synaptic delay the speed of the impulse appears 
to be slow in comparison with the rate of rise of the action potential. The 
velocity of the propagation of the fast wave from the mantle connective 
to the stellar nerve is of the order of 3-5 m./sec. (3-1-3-6), and in the case 
of the slow wave 2-26 m./sec. The maximal potential change of the quick 
wave is about 3-0 mV. and of the slow wave about 2-0 mV. 

In the fin nerve the time of rise of the action potential of the quick 
wave is of the same order as that of the slow wave in the stellar nerve, 
namely, 2-3 msec., and a total duration of 7-9 msec. The velocity of this 
quick wave is, however, relatively high, 5-1 m./sec. (4-0-6-9). In fresh 
nerves there is very little or no appreciable decrement. These quick 
fibres have a refractory period of between 4-8 and 2-5 msec. since all the 


fibres can respond to a frequency of 200 per sec., whereas they alternate — 


in responding to a frequency of 400 per sec. The maximum action 
potential of the quick wave is about 2-0 mV., while the slow wave has a 
very low potential when initiated by induction shocks. This slow wave, 
which has a velocity of 2-6 m,/sec., is much more pronounced when the 


nerve is stimulated by rectangular shocks of sufficient duration. In | 


such conditions the slow wave continues as a long drawn out wave of 
negativity which ceases only after breaking the current. This pheno- 
menon will be discussed later in connection with similar observations in 
Maia nerves. 

The histological structure of these nerves has been worked out by 
Young, and gives a reasonable explanation for the differences in the 
electrical responses. In both nerves there are two main groups of fibres; 
in the stellar nerve especially there are a number of so-called giant fibres 
of enormous diameter (2004) which innervate the mantle muscles, and 
are therefore associated with the rapid movements of the animal as 
opposed to those in the fin nerve which control the undulatory fin move- 
ments. Therefore, according to Erlanger and Gasser, it is probable 
that the quick wave in the stellar nerves is an indication of the activity 
of the giant fibres. The difference in behaviour of both nerves is con- 
firmed by the time factors of excitation which, in the fin nerve, are at 
least three times greater than those of the ganglion [Lapicque, 1929; 
Rosenberg, 1934]. 
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The strength-duration curves of two non-medullated nerves. 
By H. RosEenBere. 


The leg nerve of Maia and the fin nerve of Sepia were stimulated at 


about 20° and 17-5° C. respectively with single condenser discharges of 


different duration and voltage. Action potentials (maximal deflections 
up to 200 mm. for Maia, 50 mm. for Sepia) were recorded by a high- 
resistance Downing moving-magnet galvanometer [Rosenberg, 1934]. 
For short times the relation between log V and log RC for constant 
semi-maximal response is a straight line of slope exactly —1. This means 
that the quantity of electricity required for excitation is constant if the 
discharge time RC is less than a certain value, 1.e. for Maia less than 
100psec., for Sepia less than 200yusec. In the subsequent course both 
lines are not parallel, since the Sepia curve bends towards a relatively 
high rheobase, compared with that of the Maia curve. Therefore the 
“characteristic time” (minimum energy at slope —}) for Sepia is about 
1-5, for Maia about 10 msec. The curves, however, are so different in 
shape that to compare them by a single constant is really unjustifiable. 
For the ganglion and postganglionic bundles of Lolgo, Lapicque [1929] 
found a chronaxie of 0:3 msec. at about 21° C. as long as the ganglion 
was in connection with its higher centres, 0-7 msec. for the ganglion if 
the mantle connective nerve was cut. My strength-duration curves of 
the Sepia nerve show that the chronaxie is longer than the “characteristic 
time.” With both nerves the rheobase for condenser discharge was 
reached only for a very long duration (more than 0-5 sec.). Judging from 
oscillographic records made by Bogue and Rosenberg on other occa- 
sions the response to the rheobasic direct current was repetitive; this 
makes the rheobase (for finite response) and therefore the chronaxie 
uncertain [Jasper and Monnier, 1933]. The “characteristic time”’ is 
not affected, 
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Experiments with different distances of the stimulating electrodes 
confirm Gerard’s result that the interpolar length has no decisive in- 
fluence on the general form of the curves, at least within the range 
2-5-15 mm. 
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The irritability of a non-medullated nerve. 
By R. W. 


For medullated nerve the intensity-duration curve, plotted on a 
double logarithmic scale, becomes linear at short times at a slope of +135° 


1934; Scott, 1934]. Electrode size does not affect the shape of this curve 
for frog’s nerve though it does for muscle [Rushton, 1932; Lapicque, 
1934]. Conversely, inter-electrode distance is important for nerve, higher 
voltages being required at the longer durations for distances less than 
about 10 mm. [Lapicque, 1934]. If the behaviour of frog’s nerve is partly 
determined by the existence of myelin internodes, non-medullated nerve 
should behave more like muscle. Further, Rushton [unpublished] has 
derived equations predicting the constant quantity relation found at 
high voltages and short times for medullated nerve, but predicting for 
non-medullated nerve a slope of 1:2 instead of 1:1 in the logarithmic 
plot. 

Leg nerves of Maza were stimulated with condenser or rectangular 
current pulses of varying intensity and duration and at regular fre- 
quencies from 2 to 200 per sec. Action potentials of the nerve, summed in 
a moving-coil galvanometer, were used to measure response. Calomel 
half-cells with filter-paper electrodes soaked in sea water were used 
throughout. 

For a constant response of medium value the log V-log RC curve 
is usually straight between rough values of 200 volts, 10usec., and 10 volts, 
1000sec. At short times the slope approaches 1:1, though it is usually 
less and in no case as small as 1:2. No rheobase could be obtained 
though the curve tends towards horizontal at lower voltages; even at 
durations of } sec. longer times require lower voltage. A similar curve 
is obtained, using a threshold muscle twitch as indicator of nerve excita- 
tion; but the actual voltage required for any duration is almost four 


(i.e. constant coulombs required for constant response) [Rosenberg, 
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4 times as great as that required for the action potential threshold of the 
same nerve. 


Deflection is linear with frequency up to 200 per sec, for short intense 


F stimuli. With feebler and more prolonged current pulses, the response 


increases but little with frequency over 10-20 per sec. The excitation 


. process of the nerve seems to be very slow at low voltages: as witness the 
absence of rheobase and results with alternate charge and discharge 
% condenser shocks. At a frequency of 110 shocks per sec., 200 volts, 


10pusec., adding the alternate shocks doubles the response; while at 
1-5 volts and 3000sec. this abolishes all response. At a frequency of 
2 per sec. alternate shocks double the response for the whole range; at 
intermediate frequencies the effect of alternate shocks is likewise inter- 
mediate. 

Interpolar length has no certain influence on the strength-duration 
curve. Below 10 mm. no effect was noted; but at 15 and 20 mm. the 
portion in the longer-time region was raised. For stimuli of 10 msec. the 
required voltage for a 15 mm. stretch might be more than double that for 
a 5mm. one, though at 0-1 msec. duration the two are alike (after allowing 
for the higher voltage required throughout with longer lengths). 

Increase of cathode size from 0-2 to 0-3 mm. (moist paper edge) to 
5 or 10 mm. acts similarly to an increase ofinterpolarlength. Also voltages 
over the whole range are considerably reduced with me _— cathode as 
compared to the wide anode, edge cathode. i 

It is almost impossible to obtain maximal responses with strong 
stimuli, owing, in part, to repetitive discharge on the one hand and to 
fatigue effects on the other. With rather large responses, instead of a 
strength-duration curve as described, there appears an angle as if two 
separate usual curves were meeting—as for the a~y ones of nerve 
muscle. 

The results show that in several respects this non-medullated nerve 
behaves rather more like muscle than medullated nerve; though the 
theoretical prediction regarding constant energy of stimulation is not 
verified. 
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The “‘inhibitory’’ effect of high-frequency stimulation and the 
excitation state of nerve. By McKren Catre.t and R.W. Gerarp. 


Hill and his co-workers [e.g. Bugnard, 1934] have reported a 
diminution of heat production and action potential of nerve when 
stimulated with high-frequency condenser discharges (about 2000 per 
sec.) as compared with low (500 per sec.). To analyse this “inhibition” of 
high frequency we have used simultaneous stimulation with separate 
high and low frequencies applied to the same or separate calomel elec- 
trodes and recorded conducted action potentials. The condenser dis- 
charges were of short duration (e.g. 10-20ysec.) compared with the 
intervals between them. 

In most cases low-frequency stimuli applied to the nerve trunk above, 
below, or at the region of application of high-frequency stimuli of iden- 
tical character are able to bring the response to maximal, even though 


conditions the high frequency is largely failing to excite. Stimuli which 
are maximal at 600 per sec. may give only 3 p.c. of the maximal response 
at 1700 per sec., but 80 p.c. if the individual shocks are prolonged eight 
times. Under other conditions, especially with high-frequency shocks of 
greater duration or with more frequent low-frequency shocks, the high 
frequency is able to block low-frequency impulses passing through the 
high region. The high-frequency discharges act upon the nerve then, much 
like electrotonic currents, to depress or block in extreme cases. Ordinarily, 
the high-frequency stimuli, while largely failing to excite themselves, do 


superimposed, 

Some physiological process long outlasts the shock that initiates it; 
and it is clear that at low frequencies this state will have ample time to 
wax and wane, while at high frequencies it will build up and be main- 
tained with little fluctuation. Bugnard and Hill have further evidence 
that this is analogous to the refractory period. The additional facts that 
injuring, cooling, or equilibrating a nerve by previous activity, all of 
which slow its reaction, alike lower the frequency needed to give the 
high-frequency effect are in accord with this interpretation. 


REFERENCE. 
Bugnard, L, (1934). J. Physiol. 80, 441. 


the response to high frequency alone is greatly reduced. Under these — 


not prevent the full response when low-frequency stimuli or impulses are ~ 
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Structure of nerve fibres in Sepia. By J. Z. Youna. 


‘The nerve fibres in the peripheral trunks of Cephalopods vary in 
| diameter from less than 1, to giant fibres of nearly a millimetre, but all 
have a similar structure. Each fibre consists of a sheath of connective 
tissue enclosing a single axon, there being no visible space between the 
two. The nuclei of the sheath, projecting inwards, often make a dent in 
the surface of the axon. After fixation in osmium tetroxide both sheath 
_ and axon are stained light grey, but there is no trace of anything com- 
parable to a myelin sheath. 
& The giant axons provide very suitable material for study of the living 
nerves, No definite neurofibrils could be seen in them, but under the 


Fig. 1. Giant fibre from stellar nerve of Sepia, drawn 12 min. after it had been cut. 


highest powers of the microscope a very fine longitudinal striation could 
be detected. This appears to be due to the presence of large numbers of 
exceedingly small granules, almost at the limit of visibility, which are 
orientated in rows along the fibre. The rows are not straight but wavy, 
making an inward curve, for instance, where a sheath nucleus projects 
into the axon. . 
b: After a giant fibre has been cut the contents flow out from the end of 
the connective tissue sheath (Fig. 1). This remarkable process continues 
for many minutes as the axon pours slowly from the tube, which itself 
collapses like a deflated balloon. The substance which emerges forms an 
irregular mass at the cut surface, not mixing with the sea water unless” 
disturbed. The fine granules can be seen to lose their orientation as the 
liquid emerges, so that no trace of fibrillar arrangement remains in the 
resulting mass. 
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The axons of the smaller fibres do not flow out rapidly as do those of 
the giant fibres, presumably being retained in their narrower tubes by 
surface tension. But they nevertheless resemble the giant fibres in con- 
sistency, and chronic experiments have shown that after section of a nerve 
the regeneration of the fibres begins as a slow outflow. 

In view of this capacity of the axons to flow out from their sheaths, 
it is very difficult to believe that neurofibrils exist in the living nerves as 
any form of rigid wires. Rather the axon should be regarded as a 
homogeneous, viscous fluid, filling its connective tissue sheath and con- 
taining very fine micelle orientated along the length of the fibre. 


Visceral afferent fibres. By W. A. Barn, J. T. Invine 
and B. A. McSwiney. 


In a previous communication [Bain, Irving and McSwiney, 1934} 


we showed that on stimulation of the central end of the cut splanchnic . 


nerve in the cat, impulses passed into the spinal cord wa the dorsal roots 
and caused dilatation of the pupil, presumably by inhibition of the nucleus 
of the 3rd nerve, 


In a further series of eluents we have found that these afferent 


paths do not possess synaptic junctions, either in the sympathetic or the 
spinal ganglia, comparable to those which exist in the sympathetic 
ganglia for the efferent sympathetic pathways. 

If the cord be divided between the 4th and 5th thoracic roots, and the 
3rd and 4th spinal ganglia be painted with 1 p.c. nicotine, dilatation is still 
observed on stimulating the central end of the cut splanchnic nerve. 

Further, if the thoracic ganglia in the sympathetic chain from the 3rd 
to the 12th inclusive are painted with nicotine, the pupil response is not 
impaired. 


REFERENCE. 
Bain, W.A., Irving, J. T. and McSwiney, B. A. (1934). J. Physiol. 88, 8 P. 
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The eye and nictitating membrane in deep dial anesthesia. 
By M. Bonp and G. Briscor. 


The following changes have been noted in the eye and nictitating 
membrane of the cat in different stages of dial anesthesia. In light and 
medium anesthesia the eyeball remains straight, the nictitating mem- 
brane projects forward over the inner canthus, the pupil is usually more 
than half-size. With deeper anssthesia enophthalmos develops, so that 
the eyelids tend to close and the nictitating membrane projects still 


Fig. 1. 


further forward. At the same time the eyeball usually turns downwards 
or inwards, so that the white sclerotic and the dark rim marking its 
junction with the cornea become visible in the outer part of the palpebral 
fissure when the eyelids are separated (Fig. 1). Only the iris can be seen 
as the pupil disappears behind the projecting fold of the nictitating 
membrane. This fold has to be lifted up with forceps to examine the state 
of the pupil. The pupil contracts and occasionally i is slit-like. The corneal 
reflex is frequently absent. 

Stimulation of the cervical sympathetic reverses at once these effects. 
The eyelids open, the nictitating membrane withdraws and the pupil en- 
larges. Operative procedures, stimulation of skeletal nerves, administra- 
tion of ether all tend to make the eye changesin dial anesthesia less marked. 
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The intensity-duration relation for nerve excitation. 
By A. V. Hitt. 


The rise of electrotonic potential V at the cathode, according to Bogue 
and Rosenberg [1934], when a constant potential difference F is applied 
to a nerve, is V =b# (1—e~*/*), where 6 and k are constants. For a pulse 


of duration 0, therefore, 
for a condenser discharge [Hill, 19345] of time constant RC, 
V =bE RC —1). 


A. 


Fig. 1. Strength-duration relation for condenser stimulation of nerve. Circles, observed 
points, log,, # against log,, RC, for constant electrical response (about 20 p.c. of 
maximal) recorded with calomel electrodes and moving-coil galvanometer. Frog's 
nerve (Hungarian) at 4° C.: 5 one-way shocks per sec. Resistance in stimulating circuit 
in series with nerve 75,000 ohms; resistance of nerve with calomel electrodes and sharp 
linear fluid contacts, 1-3 cm. apart, 50,000 ohms; cathode nearer galvanometer. Broken 
line calculated from equation 


E=E, (RO/k) 


for #,=0-261, k=1-12 x 10-*.. M, point of minimum energy, slope 1:2, 1-12 msec.: 
chronaxie =2 x 1-12 x 0-347=0-78 msec. M is immediately above the intersection of 
0-8 msec. 


Assume that excitation occurs if and when the electronic potential at 
the cathode reaches a certain value. Then for constant excitation the 
thaximum value of V (with respect to ¢) must be constant. For pulses, 
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V is a maximum at t=0, and the intensity-duration relation would 
be H=E,/(1—e~*); for condenser discharges V is a maximum at 


t/RC =[log, RC/k]/[RC/k—1}, and the relation between EF and RC for 
constant excitation would be 


E=E, (RO/k) 


The equation for condenser discharges can be tested very accurately 
by methods recently described [Hill, 19344; Scott, 1934). One such 
test is shown in Fig. 1, experimental details being given in the legend. 
The agreement is good. The equation has only two constants, the “scale” 
of intensity and the “scale” of discharge time; plotted logarithmically it 
is of invariable shape and size. It has two asymptotes meeting at RC =k: 
one is the rheobase, the other has a slope of 1:1; for short durations the 
quantity becomes constant. The slope of 1:2 (minimum energy) is for 
RC=k; E is equal to 2H, at RC=2k. The equation agrees well with 
experiment over a 5000-fold range of discharge time and a 100-fold range 
of voltage, and it has the advantage that condenser discharges, to which 
it is applicable, are easier and more accurate to use than constant current 
pulses. It differs appreciably at longer times from the equation for the 
latter and it can be calculated that the “chronaxie” (E =2E,, pulses) 
is 0-347 times the value of RC (E=2E,, condenser discharges). 
Lapicque’s experimental factor is 0-37. . 

The nerves used by Bogue and Rosenberg at 15-20°C. had a k, 
directly observed, of 250 x 10-*. This means, RC for minimum energy = 
250 wsec., chronaxie = 500 x 0-347 = 173 yseo. It will be necessary to com- 
pare, on the same nerve, the value of & determined directly with that 
calculated from an observed intensity-duration curve. 

The theory allows the calculation of the relation between the 
threshold intensity # and the frequency n of a sine-wave alternating 
current. After a very short time it is =H, (1+ 4a%k*n*)t, where E, is 
the threshold intensity for low frequency. At high frequency F is directly 
proportional to the frequency, not to its square root. 


REFERENCES. 
Bogue, J. Y. and Rosenberg, H. (1934). J. Physiol. 82, 353. 
Hill, A. V. (1934a). Ibid. 82, 423. 


Hill, A. V. (19346). Ibid. 88, 14 P. 
Scott, D. (1934). Ibid, 82, 321. 
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Discharge frequencies in the cerebral and cerebellar cortex. 
By E. D. Appian. 


In an anwsthetized cat or rabbit the spontaneous electrical activity 
of the cerebral cortex shows repeated groups of sinusoidal waves at 
frequencies ranging from 35 to 50 per sec. Adrian and Matthews 
[1934] found that injury to the cortex gave a more regular discharge of 
similar waves, starting, as a rule, at 90-60 per sec. and declining to 
40-35 per sec., after which all trace of regularity is lost. Occasionally 
with severe injury the rapid oscillations give place to a series of large 
waves which continue to much lower frequencies (5 per sec. or less). 


Adrian and Matthews concluded that all these waves were due to 


synchronous discharges in groups of cortical neurones, that the frequency 
in these neurones seldom exceeds 100 per sec. and that 50-35 per sec. is 
the characteristic rate for excitation of moderate intensity. 

_ An entirely different picture is found in records of the potential 


changes in the exposed cerebellar cortex (vermis or lateral lobes) under — 


anesthesia or in the decerebrate preparation. There is persistent spon- 
taneous activity consisting of groups of sinusoidal waves at frequencies 
ranging from 250-150 per sec., and there is no sign of the slower type of 
oscillation found in the cerebral cortex (Fig. 1). In deep chloroform 
anssthesia the cerebellar waves often become exceedingly regular, but 
the rate is still of the order of 150 per sec. 


Fig. 1. Cat under chloroform and ether. A, spontaneous potential waves from cerebral 
cortex (parietal), about 60 per sec. B, from cerebellar cortex (vermis), about 180 per 
sec. White marks at top of records give } sec. interval. 


Electrical stimulation of the cerebral and cerebellar cortex reveals the 
same differences in the frequency of discharge. In the cerebrum stimula- 
tion with repeated induction shocks for a few seconds gives a discharge 
resembling that produced by severe injury. The initial stages are obscured 
by the stimulus artefact, but the frequency very soon falls to a plateau at 
40-50 per sec., and ultimately the discharge changes progressively into 
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a series of large waves which may attain very low frequencies. These 
resemble the waves due to convulsant drugs, and it can be shown that 
they spread widely over the cortex. 

In the cerebellum electrical stimulation produces a regular series of 
waves (injury does not), but the whole frequency range is very much 
higher. As in the cerebrum the initial frequency is still uncertain, but in 
the later stages of the discharge the waves occur at 250-150 per sec. and 
cease when the frequency has fallen to 150 per sec. (Fig. 2). Here too the 
waves spread some distance from the stimulated point and are evidently 
due to a number of neurones pulsating in phase. 


Fig. 2. Rhythmic activity following electrical stimulation. A, cerebrum, waves 30 per sec. 
B, cerebellum, 190 per sec. (N.B. Recording speed three times as great as in A.) 
Cat, C, and 


The fact that the normal activity of the cerebellar neurones occurs 
at such high rates suggests that the cerebellum may perhaps exert an 
inhibitory influence of the Wedensky type on some of the structures 
innervated by it. 


REFERENCE. 
Adrian, E. D, and Matthews, B. H. C. (1934), J. Physiol. 81, 440, 


The influence of fluoride and sulphite ions on the aerobic 
synthesis of glycogen from lactic acid in a resting frog’s 
muscle. By R. N. Jones. 


Recently Embden [1933] and Meyerhof [1933] have considerably 
clarified the chemistry of the conversion of glycogen to lactic acid by 
muscle extracts; in particular they have shown that sulphite and fluoride 
ions interfere with the reaction, intermediate products accumulating. 

An attempt has been made to determine whether the aerobic re- 
synthesis of glycogen from lactic acid which takes place in a ea 
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muscle is due to the reversal of this series of reactions, step by step, by 
studying the changes in the total carbohydrate content of muscles im- 
mersed in Ringer solutions containing lactic acid with and without the 
addition of sulphite or fluoride. 

A pair of sartorius muscles were dissected out from a medium sized 
Rana temporaria, weighed, and allowed to stand for half an hour in 
oxygenated Ringer solution. One muscle was then immediately analysed 
for total carbohydrate and the second transferred to a special immersion 
fluid containing 

(a) dl—sodium lactate; 

(6) dl—sodium lactate + sodium fluoride ; 

(c) dl—sodium lactate +sodium sulphite ; 
and left for 16-24 hours at 0° C. in an atmosphere of oxygen. The second 
muscle was then also analysed for total carbohydrate, using a modi- 
fication of the technique developed by Kerly [1931]. The estimated 
experimental error is not greater than +0-05 mg., and as the weight 


of the muscle was approximately 100 mg. this corresponds to about 


+ 0-05 p.c, 
The results of the experiments are given in Table I together with the 
results of some experiments performed with pyruvic acid. 


Tas_E I, Change in total carbohydrate expressed as percentage of weight of wet muscle. 


Lactate Lactate Lactate Pyruvate Pyruvate 
only +sulphite + fluoride only +sulphite 
+ 0-14 — 0-45 — (0-02) + 0-15 - 0-08 
+ 0-12 -0-18 | - 0-50 -0-11 
+ 0-20 — 0-23 — 0-26 + 0-14 ~ 0-32 
+ (0-04) -0-09 — 0-15 + (0-03) —0-17 
0-09 0-39 + 0-14 — 
+ 0-27 (0-04) + 0-09 
+ 0-51 - — - 
Mean + 0-18 ~ 0-24 0-23 + 0-09 


The synthesis obtained with lactate and pyruvate alone is of the same 


order as that found by Meyerhof [1925]. The inhibitant action of fluoride 


and sulphite is in agreement with the hypothesis of a reversal of the 
Embden-Meyerhof scheme of glycolysis. The actual loss of carbo- 
hydrate suggests that glycerophosphoric and ren acids are 

REFERENCES. 
Embden, Deuticke and Kraft (1933). Klin, 213, 
Kerly (1931), Biochem, J. 25, 671. 


Meyerhof and Kiessling (1933).. Biochem. Z. 264, 40. 
Meyerhof, Lohmann and Meier (1925). Biochem. Z. 157, 458. 
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Development of acclimatization to carbon monoxide 
in the human subject. By E. M. Kiiuick. 


The development of a tolerance to carbon monoxide under experi- 
mental conditions has been observed in birds and in mice. The results of 
a preliminary series of experiments on man were communicated to the 
Society some time ago, indicating that a — tolerance could be pro- 
duced in the human subject. 


Experimental procedure. 

In the series of tests about to be described the subject was exposed to 
a known atmospheric concentration of CO in an air-tight chamber. The 
tests were made first at intervals of 1 week, but later with an interval of 
3-4 days. During each test blood was taken at regular intervals during 
exposure, and its saturation with CO was estimated; each exposure was 
continued until equilibrium had been reached between the blood and the 
atmosphere. 

Between the tests, counts were made of red blood cells, and of reti- 
culocytes. The hemoglobin was estimated, and the blood volume cal- 
culated by the CO method. Derl 


Estimation of the blood saturation with CO during a single test gave 
figures which followed the usual form of time-saturation curve. Accli- 
matization began to develop after two exposures, and was shown by two 
changes in the time-saturation curve: 

(i) The blood saturation at equilibrium was low. 

(ii) The curve was flattened somewhat, absorption being less rapid in 
the early stages. The curve remained smooth, giving no indication of a 
changed response by the body at a certain level of blood saturation. 


CO saturation of blood during —" 


Estimated 
blood satura- 
tion in non- 
Serial No. of Duration of CO in chamber saturation subject 
experiment p-c. p.c p.c. 
1 6 hr. 45 min. 0-023 33 31 
4 6 ” 50 Aas 0-031 33 37 5 
6 6. » 0-040 35 45-5 
10 ‘ue. 0-041 31 44 
13 0-042 32-5 44-5 
15 0-020 17-5 28 


The symptoms ducing and after the tests corresponded 
with the blood saturation, and with the duration of the test. 
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Blood examinations. i 
The red cell count remained within normal limits during the series of 
Maximum 4,950,000 per c.mm, | 
Minimum 4,250,000 
Average 4,662,500 


Hemoglobin estimations showed greater variation, but there was no 
steady tendency to increase or decrease. —_— 


Maximum | 100 


4 ia 
¥ 
va 


. Minimum 80 
Average 89-5 


Reticulocytes were constant at 0-16 p.c. before the tests began, and 
rose during the acclimatization to 0-5 p.c. with one reading of 0-82 p.c. 

The results of the blood volume experiments using the CO method 
cannot be considered reliable in the absence of certain knowledge of the 
changes involved in acclimatization. 

No change in the affinity of the blood for CO can be detected in vitro 
as a result of this acclimatization. 


A flexor rigidity preparation. By R. J. 8. McDowatt. 


Although it is well known that a spinal animal exhibits flexor 
rigidity, the production of spinal shock when the spinal cord is cut 
prevents convenient demonstrations of this phenomenon. If, however, 
the carotids are tied and the animal decerebrated and allowed to be- 
come rigid, and thereafter a clamp applied to the vertebral arteries, the 
extensor rigidity is converted into a flexor rigidity. Sometimes this 
occurs with almost dramatic suddenness, the extended limbs being seen to 
flex, but more commonly the onset is slower and is well marked in 15- 


20 min. A few animals continue breathing and do not become spinal, the ' 
variation no doubt depending on the degree of anastomosis existing be- : 
tween other cerebral arteries and the arteries of the trunk, as described B 


by Leonard Hill [1896]. : 


REFERENCES. 


Hill, L. (1896). The Cerebral Circulation. London. 
McDowall, R. J. 8. (1930). J, Physiol. 69, 11 P. 


an 

5 

4 

J 

A 

2 

| 

i 

‘a 

5 

q 

yi 
ist 

My | 
| 
| 
| 
+3 

x 

a 

¥ 

. 


SOCIETY, DECEMBER 15, 1934. 87 P 


_A cardio-pressor nerve. By R. J. McDowatt, 


In about half of the cats examined, it is found that the vagus nerve 
gives off a branch to the heart about the level of the origin of the right 
subclavian artery, which, if stimulated, causes a rise of pressure, although 
stimulation of the central end of the main trunk of the vagus at this level 
causes typical depression. The fact that section of the vagus in the neck 
prevents the rise of blood-pressure, and that such section, after previous 
section of the trunk of the vagus below the branch, causes a fall of blood- 
pressure, suggests that the afferent pathway of the vago-pressor reflex 
is this cardio-pressor nerve, The results, however, in different animals are 
inconstant, owing, it would seem, to the close association between the 
vagus and the sympathetic. 


The adrenaline-like substance of Cytisus scoparius. By 
F. 8. Jonn L. D’Stiva and R. J. 8S. McDowat. 


In 1922 Busquet and Vischniac described the fact that extracts — 
of Cytssus scoparius (yellow broom) contained a vaso-constrictor sub- 
stance. As this finding suggested the possibility of throwing light on a 
chemical production of adrenaline, the experiments have been repeated 
and extended. It has been found that such extracts contain a substance 
which stimulates the heart, inhibits the intestine, dilates the bronchi and 
the pupil. Extracts are made with chloroform and ether, followed by 
acidulated ethyl alcohol in an atmosphere of carbon dioxide to prevent 
oxidization. The extract is then diluted with water and concentrated 
under reduced pressure, again in an atmosphere of CO,. So far it has not 
been found possible to extract the active principle in a pure form. The 
French workers related the substance to the fine stems of the plant, but 
we have obtained it from all parts except the root. There is, however, 
considerable seasonal and topographical variation. The plant contains a 
plentiful supply of the substance in June and July, but by October it is 
practically absent. The change in the colour of the plant during this 
period suggests the production of melanin. This has prevented the 
continuance of the experiments at present. 

The experiments were carried out under a grant to one of us, J. L. D’S., 
from the Asthma Research Council. 


REFERENCE. 
Baud H. and Vischniae, C. (1922). C. R. Soc. Biol., Paris, 87, 1116. 
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The relation between diuresis and maximum ureter pressure, 
and its bearing on current methods of estimating the rate of 
glomerular filtration. By F. R. Winton. 


Lowthreshold diuretics, namely, urea, sulphate, sucrose and creatinine, 


produce a large increase in the maximum ureter pressure in isolated 


kidneys and anzsthetized dogs. This presents some difficulty in inter- 
pretation on the current views of renal secretion. According to the 
filtration-reabsorption hypothesis, when the ureter pressure is raised to a 
point at which the urine flow ceases, reabsorption of water from the 
tubules continues until the osmotic pressure of the non-reabsorbed sub- 
stances is high enough to stop it. If there is, in fact, any substance which 
is not reabsorbed in the tubules, the reabsorption.of water must stop; 
because, if it continued, the tubules would become blocked with a solid 
‘ deposit of the non-reabsorbed substance. If reabsorption of water ceases, 
and there is no urine flow, glomerular filtration must also cease, and the 
whole of the contents of the renal tubule should be stationary, both 
physically and chemically. The maximum ureter pressure should, there- 
fore, be equal to the glomerular capillary pressure minus the colloid 
osmotic pressure of the plasma. Now, if diuretics are not added to the 
blood, the maximum ureter pressure is typically 30 mm. Hg at an arterial 


pressure of 130 mm. Hg. This would indicate a glomerular pressure far 


below that needed to justify other implications of the filtration-reabsorp- 
tion theory. The addition of a low threshold diuretic, such as urea, may 
double the maximum ureter pressure. It must therefore be inferred that 
such diuretics produce their effects by an increase in glomerular capillary 
pressure, instead of acting by reducing the rate of water reabsorption as 
the theory had supposed. 

‘But this inference is known to be untrue. One might be tempted, there- 
fore, to adopt the secretion theory which would attribute the increase of 
maximum ureter pressure to a further secretion of urea, and the passage 
of water into the tubules along with it, when the tubule cells were bathed 
in blood containing an unusually high concentration of urea. But the 
secretion theory encounters difficulties at least as serious, among them 
the fact that the diuresis which results from cooling the blood passing 
through the kidney, and so reducing tubular activity, is also accompanied 
by @ corresponding increase in the maximum ureter pressure. 

If we are to retain the main structure of the filtration-reabsorption 
theory, we shall have to suppose that there is no substance in the glomeru- 
lar filtrate which is not, in part, reabsorbed from the tubules. It can be 
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shown that this reabsorption is not particularly due to a back pressure in 
the ureter. The simplest view would be to suppose that fully formed urine 
leaked out of some distal portion of the tubules into the blood. Obstruc- 
tion of the ureter would then reduce, but notabolish, both the reabsorption 
of water in the tubules and the filtration in the glomerulus. Since there 
is now a flow down the tubules, despite the absence of urine flow, the 
maximum ureter pressure would be lower than the intracapsular pressure, 
and the addition of the diuretic would produce its usual effect in increasing 
the osmotic resistance to withdrawal of water from the tubules; if urine 
flow is to be prevented, the reduction in reabsorption of water must be 
accompanied by a reduction in glomerular filtration, which implies ‘an 
increased back-pressure, that is, an increased maximum ureter pressure. 

The conclusion that there is no constituent of the glomerular filtrate 
which is not in part transferred from the tubules to the blood is a serious 
objection to the methods of estimating the rate of glomerular filtration, 
which assume that a particular substance appears in the urine in exactly 
the amount contained by the glomerular filtrate formed during the same 
period. Certain substances have been advocated and widely used for this 
purpose, for example, creatinine and inert sugars. 

Calculations from the ureter pressure, urine flow curves suggest that 
the total amount of urine formed may be two or three times that which 
emerges from the ureter. The proposed methods of estimating glomerular 
filtration, therefore, yield values which are likely to be much too low. | 


‘Gastric secretion and By N. F. 
(Introduced by E. C. Dopps.) 


in 1924 Campbell and Conybeare pointed out a relationship. 
between the chest shape and the position of the stomach in fifty-four 
normal students which has become generally accepted. The related claim 
of a correlation between gastric secretion and chest shape [Baird, Camp- 
bell and Hern, 1924] was founded upon less secure evidence, and has not 
been confirmed by other workers [Apperly and Semmens, 1928]. In 
the course of an investigation of one hundred normal students with the 
histamine test meal [Lander and Maclagan, 1934], fresh evidence was 
sought on this point. : 

Measurements were made upon ninety-two of the students. Pople! 
index (=weight/height) and the ratio of chest circumference to chest - 


4 Whole time worker for the Medical Research Council. 
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length and trunk length and height were taken as indices of physique, 
and the highest free acidity and the volume of acid secreted per hour as 
indices of gastric secretion. 

The rather laborious procedure of plotting dot diagrams of these 
variablesin pairsshowed a complete absence of correlation between _ 
secretion and any of the anatomical measurements. © 


REFERENCES. 


Apperly, F. L. and Semmens, K. M. (1928). Med. J. Aust. ii, 221. 

Baird, W. M. C., Campbell, J. M. H. and Hern, J. R. B. (1924). Guy’s Hosp. Rep. 14, 
354. 

Campbell, J. M. H. and Conybeare, J. J. (1924). Ibid, 74, 354. 

Lander, F. P. L. and Maclagan, N. F. (1934). Lancet ii, 1210. 


The physiology of rapid movements. By JamEs CuINnG 
and H. HartRipeGr. 


The problems which we set ourselves to answer were as follows: 
(1) What is the greatest number of alternating movements which can be 
produced by two fingers of one hand? (2) Is the limit thus reached due 
to the muscles, or to the brain, or to some intermediate structure? 
(3) What are the conditions of the muscles when carrying out such rapid 
movements? (4) If there are any muscles accessory to the muscles per- 
forming the movements, what are their functions, and what are their 
conditions ? 


I. The maximum number of wp and down movements per second. 


This was ascertained for two subjects, the result obtained being | 


eighteen movements per sec., t.e. nine up and down movements of the 


index finger alternating with nine up and down movements of the middle — 


‘finger. When one finger alone was used, ten up and down movements per 
sec. could be produced. When the whole hand was moved by flexion and 
extension of the forearm at the elbow, eleven up and down movements 
per sec. were obtained. 


Il. The factor limiting speed. 

Our experiments appear to point conclusively to the central nervous 
system, or its connections as being the site at which speed limitation 
occurs, for the following reasons: (a) By stimulating the biceps and 
triceps muscles of the upper arm alternately by means of an induction- 
coil commutator arrangement, it has been possible to produce fifteen up 
and down movements per sec. of the forearm, whereas the maximum 
number obtainable voluntarily by the same subjects was eleven up and 
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down movements per sec. (b) At a given rate the central nervous system 
cannot maintain movements for as long a time as they can be maintained 
as a result of electric stimulation. (c) When the central nervous system is 
causing other muscles to act, the maximum rate of movement which can 


_ be obtained does not greatly differ from those which we noted for the 


forearm. (¢) When the central nervous system is not carrying out muscle 
movements it still appears to be limited by similar factors to those which 
come into operation in the case of movements, Thus, the maximum rate 
at which it is possible to think of the numbers 1 to 100 is not very 
different from the maximum rate at which it is possible to say them. 


| III. Conditions of the muscles performing the movements. 

In order to throw light on this aspect of the problem we first recorded 
the isolated contraction of both biceps and triceps muscles for single- 
break induction shocks. The records obtained were nearly isometric, 
owing to the use of a stiff spring in the recording system. It was found 
that the lever returned to the base line approximately one-tenth of a 
second after leaving it, and the lever reached its maximum deflection at 
about one-twentieth part of a second from the commencement of the 
contraction. 

When ten contractions are being made per sec., we conclude that a 
new contraction commences at about the same time that the previous 
contraction terminates. When, therefore, faster rates are obtained, 
either voluntary or electrically, there must be overlapping in the con- 
tractions of any one muscle. . 3 | | 

Turning now to the events taking place in the antagonist muscles, it 
would seem clear that similar events are taking place in them and that 
there must therefore be considerable antagonistic contraction when, for 
example, the finger, or the forearm is executing ten up and down move- 
ments per sec. Suppose, for example, that the biceps is commencing to 
initiate an upward movement one-twentieth of a second after the triceps 
has commenced to initiate a downward movement, 1.e. while the triceps 
is still exerting nearly the maximum tension. Then the biceps tension 
rapidly mounts and the triceps tension rapidly falls until in a one- 
twentieth part of a second the biceps has reached its maximum contrac- 
tion and the triceps contraction has fallen to a minimum. Then a stimulus 
reaches the triceps, so that its tension mounts rapidly, while that in the 
biceps falls and, after that, the whole cycle of operations repeats itself. 
Thus we see that for practically the whole period of time both biceps and 
triceps are in antagonistic contraction, and movement tends to occur at 
the elbow-joint according as the contraction of the biceps muscle is 
greater or less than the contraction of the triceps. — 
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IV. Events in other muscles. 


When for example the hand is making up and down movements by 
flexion and extension at the wrist there must be corresponding recoils or 
tendencies to recoil occurring in the forearm and possibly also in the 
upper arm and body. Now it would seem to be essential, in order that 
skilled movements of the hand can take place, that the forearm and upper 
arm should provide a stable base. This might be provided in two different 
ways, either separately or in combination: (1) by antagonistic tension in 
the muscles acting on the base (that is a continuous fixed tension in the 
two sets of antagonist muscles) which would result both in an increase of 
friction at the articulating surfaces of the joint, and in an increase of 
muscle viscosity ; (2) by alternating tensions in the muscles acting on the 
base (that is a discontinuous and varying tension in one set of antagonist 
muscles at a time) which would result in neutralization of the recoils as 
they tend to occur. 

Our experiments indicate that the muscles prevent recoil of the fore- 
arm in the first of the two ways mentioned above. But they do not rule 
out the possibility that there are, in addition, temporary alternating 
contractions in the accessory muscles which will help to overcome the 
movements set up by recoil in the second of the two ways mentioned 
above. 


Action of acetylcholine on the ‘‘sleep centre.”’ By B. B. Dixsuir. 
(Department of Pharmacology, University of Edinburgh.) 

The author has shown [1934] that intraventricular injections of 
acetylcholine produce cardiac irregularities, and that this effect is pro- 
bably produced by the action of the drug on centres in the hypothalamus. 
This suggested that the drug might also act on other hypothalamic 
centres, and its action on the “sleep centre” was investigated. 

Trephine holes were made in the skull of cats under deep ether 
anesthesia and the animals allowed to recover. A week or more after the 
operation small doses of acetylcholine (0-1-0-5-y) were introduced into the 
lateral ventricle of the brain or deeper into the hypothalamic region. 
Such injections produced a condition closely resembling sleep. The effect 
came on from 10 to 30 min, after the injection and lasted for 2-3 hours. 
Control injections of normal saline produced no definite effect, while 
injections of 0-1 mg. of pilocarpine nitrate caused excitation. 


REFERENCE. 
Dikshit, B. B. (1934). J. Physiol. 81, 382. 
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Effects of sympathetic impulses and adrenaline on salivary 
secretion. By W. Fre.pserc and J. A. Gurmarats. With a 
H. H. Date. 


Secker [1934] recently published observations which led him to the 
conclusion that the sympathetic secretomotor fibres to the salivary gland 
are, in some sense, cholinergic. Since his evidence applies also to the 
action of adrenaline in causing salivary secretion, he apparently assumes 
a secondary chemical transmission, additional to the primary adrenergic 
function of the nerve. The principal points of his evidence may be thus 
summarized. 

(1) Saliva produced by sympathetic stimulation contains a depressor 
substance, resembling acetylcholine in instability to alkali (boiling), and 
in the annulment of its action by atropine. 

(2) Eserine potentiates and atropine annuls the secretory response to 
sympathetic stimulation and adrenaline. 

_ Our own observations already differ at many points from those of 
Secker, and fail to support his conclusion. They may be summarized 
under the same headings. 

1. We confirm the presence, in cat’s saliva produced by sympathetic 
stimulation, or by adrenaline, of a powerfully depressor substance. Its 
action, when undiluted saliva is injected, does not suggest that of acetyl- 
choline, but the depressor action of a small dose (lc.c. of a 1: 500 
dilution) has a superficial similarity to that of acetylcholine or histamine. 
The activity is not diminished by keeping for a few hours at room 
temperature, after addition of alkali to an extent which causes complete 
hydrolysis of acetylcholine. It is slowly destroyed at room temperature 
by stronger alkali, but quickly by boiling at the natural reaction of the 
saliva, or after addition of acid to an extent which renders acetylcholine 
stable to boiling. The depressor action is not abolished, or even sensibly 
diminished, by doses of atropine which suffice to annul the effect of 
acetylcholine. The saliva has no action on the leech preparation sensitized 
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by eserine, and does not affect this action of acetylcholine, added in the 
minute effective amount. The depressor substance has no effect on a loop 
of guinea-pig’s intestine, which responds by strong contraction to an 
equidepressor dose of histamine; and its depressor action is effective in an 
anesthetized rabbit, which gives only a pressor response to histamine. 


Whatever the depressor substance in the saliva may be, its properties _ 


do not correspond to those of acetylcholine, choline, histamine, or any 
other chemically identified depressant. 
2. Eserine, even in moderate doses, often produces a spontaneous 


salivary secretion of the “‘ parasympathetic” type, beginning 7~15 min. 


after the administration. When eserine has not this delayed effect by 
itself, it usually has no significant effect on the secretory response to 
sympathetic stimulation, even when it causes a threefold increase of the 
response to chorda stimulation. The fall of blood-pressure caused by 
eserine may, however, mask its own secretory action. In such a case the 


small rise of blood-pressure caused by sympathetic stimulation, by un- 


masking this eserine action, may simulate a potentiation of the secretory 
response to sympathetic impulses; but the fact that the unstimulated 


gland is then also caused to secrete shows the true nature of the effect. 


Under such conditions a small rise of pressure caused by an injection of 
saline may start a secretion; and an apparent potentiation of the secre- 
tion following a powerfully pressor dose of adrenaline cannot be accorded 
the significance which Secker attributes to it. Atropine, in the small dose 
sufficient to abolish a strong secretory response to chorda stimulation, 
causes at most a slight diminution of a much weaker sympathetic effect. 

Our observations give no support to Secker’s suggestion that the 
| sympathetic nerve supply to the salivary gland is, in any sense, cholin- 
ergic. They are being continued, and extended to the — ee 
in saliva produced by parasympathetic stimulation. ~ — 


Norte sy H. H. Date. 


Secker, in the paper above quoted, refers to a “cholinergic substance” 
occurring in the saliva, and, on his view, somehow concerned with the 
transmission of the effects of sympathetic impulses and of adrenaline. 
Feldberg and Guimarais have dealt with the evidence. I desire to add 
a word on nomenclature. I coined the words “cholinergic” and “adren- 
ergic” about a year ago to describe nerve fibres or impulses by reference 
to the chemical transmission of their effects; and the fact that the words 
have already been widely used in this sense seems to indicate that they 
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met a need. The application of the term “‘cholinergic” to a substance, 
supposed to act like acetylcholine, threatens a loss of precision in the use 
of these words, and therewith of their value. 


REFERENCE. 
Secker, J. (1984). J. Physiol. 82, 293. 


The application of the cathode-ray oscillograph in speech 
analysis. By R. 0. L. Curry and E. G. Ricnarpson. 


In contrast to the earlier methods of speech analysis by mechanical 
recorders producing a considerable distortion of the wave-forms, we 
have made an apparatus which gives a very faithful record of speech 
sounds in a photographic or visual form. This consists of a calibrated 
Reisz microphone and amplifier coupled to a cathode-ray oscillograph. 
The microphone impulses are applied across the vertical deflection plates 
and the resultant line of blue fluorescence can be photographed on a 
moving film-strip recording at the speed of 6 ft. per sec. For visual 
observation a time base sweep circuit is used to displace the record 
horizontally, thus giving a wave-form which is an accurate reproduction 
of the sound waves recorded. If the frequencies of the two displacements 
are synchronized a stationary wave-form can be shown. 

In an acoustical consideration, the human speech mechanism is a 
coupled system comprising the vocal cords and the resonant cavities 
in the throat, mouth and nose. Both the natural frequeycy of vibration 
of the vocal cords and the size of the mouth and throat resonators are 
variable. Accordingly, of all musical instruments the trombone most 
clearly simulates the voice in its mode of sound production. Observation 
with a laryngo-stroboscope shows that the larynx vibrations are usually 
of simple form, but in the throat and mouth high-frequency overtones 
and resonances are excited. Nevertheless in speech records component 
vibrations characteristic of certain mouth conformations can be re- 
cognized in spite of changes in the fundamental voice-pitch. In par- 
ticular the components characteristic of the throat and nose resonances 
and the effect of lip-rounding can be distinguished. 

Because of the complex range of vowels in most European languages, 
this method of speech analysis is particularly valuable in giving records 
of such detail and accuracy that ‘very minute differences in quality 
between vowel sounds can be detected. The wave-forms for consonants 
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are generally more easily distinguished one from another. In standard 
English speech the vowels can be classified into four groups, each of 
which is characterized by records having a recognizable common basic — 
wave-form. Moreover each group includes vowels which illustrate the 
developments from the type of one group towards the types of other : 
groups. The effects of such developments can be observed clearly in the 
wave-forms recorded. There is very considerable agreement between the 
theoretical resonant frequencies deduced on acoustical principles from 
the throat and mouth cavity volumes depicted by X-ray photographs 
for a particular vowel and the component frequencies analysed from — 
actual wave-forms recorded for the same vowel. This agreement is 
maintained over the range of available material. | 

The apparatus is being used in collaboration with Mr H. Orton 
in studying the dialect speech sounds of the North-east Region. 


Bone composition in the new-born young of some species. 
By C. M. Burns and N. Henperson. 


It has been shown by Hammett [1925] and Burns and Henderson 
[1934] that in the young animal the water content of bone decreases and 
the salt content increases. It has also been shown by Kramer and 
S hear [1928] that the CO, content of the metaphysis is less than that of 
the diaphysis, and by Burns and Henderson [1934] that the salt of the 
newly calcified cartilage contains less CO, than that of the cortex of the 
middle of the shaft, while the CO, of the cortex of the growing ends and 
the cancellous bone lies between these two values. As the CO, content of - 
salt of old bone is higher than that of young bone, this seems to indicate 
that shaft cortex is merely older than the bone of the more actively 
growing parts. Examination of dog embryos supports this view. 

When, however, pups and kittens in the first week of life are ex- 
amined, it is found that at birth and in the first few hours of life the 
diaphyses are characterized by a high degree of calcification and a CO, 
content approaching that of adult bone, while the water content is 
relatively low. For several days, all the parts of the bone lose salt (more 
CO, is lost relative to phosphate) and gain water. Changes in the 
calcified cartilage are slight. The gain in water appears to be partly due to 
the increase in the marrow cavity, and the rapid growth of the epiphyses 
and actual laying down of an organic matrix containing more water and 
less salt. Different litters of kittens from the same mother show very 
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varying rates of loss of calcium and CO, and even more difference is noted 
between unrelated litters. But where individual litters are concerned it 
‘would appear that salt and CO, content first drops to a minimum and 
then rises very slowly to the figure achieved in adult life, while water 
content is roughly in inverse ratio. The drop is most marked in the 
cancellous bone (where the initial figure is highest) and the increase of 
salt and carbonate in this tissue only begins at a relatively late age. 

The high salt content of the bone of the newly born may be explained 
teleologically as representing a store of salts to be used for the rapid 
growth and remodelling of the bone which takes place after birth. 
But young goats’ bones do not exhibit this early loss of bone salt and 
CO,, which militates against the theory that this loss is characteristic 
of early extra-uterine life. 

The highly complicated series of reactions resulting in the simul- 
taneous removal and laying down of bone salts of different composition in — 
different parts of young bone does not seem to be readily explained by any 
theory which regards blood composition as the most anecusscae controlling 
factor in bone formation. 
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The physiological behaviour of frog’s muscle in the presence 
of fluoride and sulphite. By R. N. Jonezs. 


_ In a previous communication [Jones, 1935] it was observed that 
fluoride and sulphite inhibit the resynthesis of glycogen from lactic acid 
in the resting sartorius muscle of the frog. It was considered of interest to 
examine the physiological, as opposed to the chemical behavious of the 
muscles in the various Ringer fluids used. 

Attention was paid to the necessity of controlling the following 


factors. 
(a) Isotonicity of muscle tissue and solution. 


(6) Potassium/calcium ratio. 
(c) Phosphate-ion concentration. 
(d) Hydrogen-ion concentration. 
In all cases these were kept constant. All the solutions used possessed 
a [K+]/[Ca++] ratio of 2, [HPO,=] of 0-006 g. ions per litre and were 
buffered to pH 7-2 with isotonic sodium bicarbonate solution. The con- 
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centvations of the other ions present, in g. ions per litre, are collected in 
Table I together with the total concentration of all species 2 [ + ] and the 
total concentration of anions and kations &[—], &[+], respectively. 


I. | 
Solution [Nat] [Pyruvate z ] 2({+] 2[+] 
Ringer 0-124 0-119 0-125 0-130 0-255 
Lactate 0123 0060 — — — 0-085 0-121 0126 0-247 
Lactate- 0-120 0032 0026 — — 0-055 0-119 0-123 0-242 
fluoride 
Lactate- 0-137 0008 — 0-035 — 0-055 0-104 0-143 0-247 
sul 
0-123 0060 — 0-055 0-121 0-126 0-247 
Pyruvate- 0-137 0-008 — 0-035 0-055 0-104 0-143 0-247 
sulphate 


A pair of sartorius muscles were immersed in one of these solutions, 
saturated with oxygen and stimulated electrically after successive in- 
tervals of time to give maximal twitches at a rate of 5 or 6 per min. In 
the case of the lactate-sulphite solutions it was found that the sulphite 
exerted very little toxic influence on the muscle. After 30-5 hours in the 
solution the diminution in the maximal twitch was only about 25 p.c., 
after having made in all 150 twitches in groups of 35-40 at a time after 
intervals of }, 14, 3}, 30} hours from the beginning cf the experiment. In 
fluoride the sensitivity was less well maintained, but as the solubility 
product of calcium fluoride was considerably exceeded in the solution 
used, most of the calcium was precipitated. Control experiments in 
which the lactate was replaced by chloride showed little difference in 
behaviour, thus the maintenance of response is not due to energy ob- 
tained at the expense of lactic acid oxidation. There is a striking difference 
in the excitability from that of a muscle poisoned with iodo-acetic acid, 
not the slightest manifestation of the muscle going into rigor being 
observed either in fluoride or sulphite. 

The ability of the muscle to remain excitable in these media for 
considerable periods of time is difficult to reconcile with the Embden- 
Meyerhof theory of muscle glycolysis unless it be assumed that energy 
for phosphagen resynthesis is obtained from the early stages of the 
glycolysis or from non-carbohydrate sources and that iodoacetate rigor 
is @ specific effect of this poison unconnected with its inhibitant action 
on muscle glycolysis. 

In a certain number of cases a peculiar effect was also observed during 
the first few twitches of a series, after the muscle had been resting for 
some time. The muscle appeared to pass into a condition of ‘“long- 
period contraction”’ from which it recovered after about ten twitches. 
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During this phase it still remained excitable, the individual twitches 
being superimposed upon the long period contraction. 

This behaviour closely resembles the phenomenon of “retention of 
contraction” observed by Furusawa [1926] 1 in Holothuria muscle and 
later in frog muscle [Furusawa, 1931] in A araew (166-200 p.c.) and 
— (40-50 p.c.) Ringer solutions. 


REFERENCES. 


_ Furusawa (1926). J. Physiol, 62, 21. 
Furusawa (1931). Private communication to Prof. A. V. Hill. 
Jones, R. N. (1935). J. Physiol. (in the press). 


Sugar in lymph. By G. A. Ciarx and L. B. Winter. 


As long ago as 1862 Gorup-Besanez recognized that the sugar 
content of lymph was higher than that of blood. Ginsberg [1889] stated 
that the reason for this was that the whole of the sugar in blood was 
present in the plasma and that lymph and plasma were in equilibrium so 
far as sugar was concerned. Doubt was thrown on this view by the ob- 
servations of Michaelis and Rona [1909] and of Hess and McGuigan 
[1914] that sugar was equally distributed between plasma and cells in 
blood, and Katsura [1926] was of the opinion that lymph sugar was 
derived from the liver, because he found that the sugar content of 
thoracic duct lymph was always below that of hepatic vein blood. _— 

Lymph was collected from the thoracic duct of cats anesthetized with 
chloralose, and blood (a) from the portal vein, and (b) from the inferior _ 
vena cava above the liver 1-1} min. after clamping the vein below the 
liver; the latter sample was taken to represent blood from the hepatic 
vein. Sugar was determined by the Hagedorn-Jensen method, and the 
values are given below: 


12.30 p.m 016 O12 013 2.00 p.m 023 O17 O17 
2.00 013 O10 O15 2-45 p.m O21 O14 O15 
3.15 017 O14 O19 340p.m. O18 O11 O13 

15 p.m 019 O14 017 445pm. O15 O11 0-13 
Lymph 4.Y. 
Noon 027 O18 O19 


12.45p.m. 020 016 0-23 
2.15pm. 025 O18 £019 
3.30pm. 025 O17 017 


p.v.=Portal vein. §H.V.=Hepatic vein. 
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From the above results it is obvious that the sugar in hepatic vein 
blood is not usually above that of lymph, although in these experiments 
sugar was evidently being supplied to the blood from the liver, as is 
shown by the higher sugar content of hepatic vein blood as compared 
with that of the portal vein. A similar relationship was found, moreover, 
after the liver lymphatics were tied so that no lymph from the liver 
passed to the thoracic duct. 

When the sugar content of lymph was compared with that of whole 
blood and of plasma it was found that the value for plasma was approxi- 
mately the same as that for lymph if allowance be made for the fact that — 
blood sugar was rising or falling during the course of an experiment and 
that lymph changes would lag behind those of blood. 


Lymph Blood Plasma Lymph Blood Plasma 
11.00am. 023 O17 0-21 1045a.m. 020 O14 018 
230pm. 023 O17 0-22 2.00pm. O17 O13 016 
3.30pm. 023 022 0-27 4.30pm. O§:17 O12 0-16 


It seems clear, however, that when hepatic blood contains more sugar 
than that of the portal vein, the lymph leaving the liver will be richer in 
sugar than that from other regions of the body and will thus tend to raise 


the value in thoracic duct lymph slightly above that in plasma from 


elsewhere than in the hepatic vein. This is indicated in the following 
example: 


Whole ‘Hematocrit 
Lymph blood Plasma p.c, 
10.45 a.m. Blood from — 0-18 0-14 0-17 38-7 
Noon. Blood from hepatic vein 0-19 0-24 0-31 38-5 
2.30 p.m. Blood from vein 0-20 0-17 0-21 38-2 
3.40 p.m. Blood from 0-27 0-28 0-34 — 37-0 
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